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The approach to the measurement of one-bond indirect spin-spin coupling constants between equivalent
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quantum experiment), was proposed for carbon-carbon coupling constants detection in symmetrical
molecules. Additionally, application of the SYMONA experiment to more complicated spin systems than
isolated HC-C'H' is discussed.
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1. Introduction

Indirect spin-spin coupling constants represent a unique source
of information about the electron distribution between involved
nuclei. These couplings can be correlated to bond-related struc-
tural parameters like bond distance, bond angle, the fraction of ¢
character in the bond and so on. Generally speaking, couplings
reflect the bonding environment [1].

In order to measure the carbon-carbon coupling constants, the
INADEQUATE [2] experiment was introduced. This rather insensi-
tive NMR experiment relies on direct observation of the target
nucleus. Later, the indirectly detected experiment - ADEQUATE
[3] was proposed for measurement of couplings between proto-
nated carbons. The sensitivity of this experiment is several times
higher than the sensitivity of the original pulse sequence. However,
the coupling between quaternary carbon atoms cannot be detected
by this method. A specific experimental challenge is represented
by the determination of coupling between nuclei of similar chem-
ical shift or even symmetrically equivalent nuclei. Coupling con-
stants between such atoms are difficult to measure due to the
collapse of the NMR signal by a symmetry-equivalent pair into a
single line. The asymmetry needed for measurement can be
induced e.g. via deuterium labelling or orientation in chiral media
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[4]. However, there were also several attempts to measure these
couplings directly and at natural abundance. There are two avail-
able pulse sequences (see the next paragraph) which were primar-
ily designed for coupling determination in dichloroethene
possessing the simplest CH-C'H’ spin system. Both methods utilize
the signal splitting induced by one-bond carbon-proton coupling
that can create effective chemical shift differences [5] between
equivalent nuclei and thus remove the chemical shift degeneracy
at least for part of the experimental coherences.

The older method is the standard 1D INADEQUATE but without
decoupling during preparation and acquisition periods [6]. The
method was tested on both cis- and trans-dichloroethene. The
acquired spectrum contained information on the carbon-carbon
coupling constant. However, for the precise determination of
coupling a simulation of spectrum was necessary. The proposed
pulse sequence was subsequently used in number of papers
discussing e.g. the comparison of the o bond contribution in
cis- and trans-isomers in symmetrical alkenes [7] or the aromaticity
in the series of five-membered heterocycles [8]. The method was
also utilized in the study of symmetric disilanes for determination
of 1J(?9si?9si) [9].

The second method is a modified, indirectly detected 2QHMBC
experiment [10] which utilizes the polarization transfer from pro-
tons to coherences containing carbon two-spin coherences [11].
The polarization transfer is followed by a carbon double-
quantum gradient filter and acquisition period without carbon
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decoupling. The method was tested on trans-dichloroethene and
the paper also proposed an optimal experimental setup. However,
the expression for the amplitude of double-quantum carbon coher-
ences in the 2QHMBC experiment is more complicated than origi-
nally assumed. The work was extended afterwards for a series of
symmetrical strained alkenes [12].

In this paper we focus on more sensitive 2QHMBC experiment.
We offer analytical formulas for development of a density matrix of
strongly coupled symmetrical HC-C'H’ spin systems and discuss
the optimal duration of polarization delay in the pulse sequence.
Based on the analytical formulas a new version of a robust indirect
detection experiment, called SYMONA (SYmmetrical MOlecules
Natural Abundance double-quantum experiment), is proposed for
carbon-carbon coupling constant detection between equivalent
nuclei. Additionally, utilization of the SYMONA experiment with
more complicated spin systems is discussed.

The formalism derived here might be helpful also in NMR
hyperpolarized substances [13] where extremely long-living sin-
glet states [14] are designed for utilization in experiments
in vivo. In some cases, the singlet states are generated on symetri-
cal AA’XX' spin systems, usually HH'13C13C' [15,16,17] or
HH’15N15N’ [18], which are basically identical with HC-C'H’ sys-
tem discussed within this work.

2. Results and discussion
2.1. 2QHMBC experiment

The 2QHMBC pulse sequence adopted for detection of coupling
constants between equivalent nuclei is composed of three parts
(Fig. 1). The first part utilizes polarization transfer from protons
to coherences containing carbon two-spin coherences (C,C,). The
second part starts with the first carbon pulse which partially trans-
fers the carbon two-spin coherences to double-quantum ones,
namely (CC,—G,C, ) (Hy+Hy) and (GG, GGy )2(HyH, +HyH: ).
The rest of the preparation period is essentially a carbon double-
quantum gradient filter closed by a second carbon 90-degree pulse
which partially transfers the carbon double-quantum coherences
back to zero-quantum ones. The third part is formed by the acqui-
sition without carbon decoupling. In practice, it is convenient to
focus only on compounds possessing directly coupled carbons with
attached protons that are not coupled to any other proton: the
HC-C'H' system. For correct definition of the Hamiltonian see
Supporting Information (Appendices, Appendix A, Eq. (Al)).
Possible influence of remote protons will be shortly discussed for
experimental examples.

The originally proposed value for polarization delay (d2) is
equal to 1/(2'J(C,H)) which is usually used for polarization transfer
in weakly coupled spin systems. In fact, this assumption is mis-
leading because the HC-C'H’ symmetric spin system is not a weakly
coupled system. The correct expression for the amplitude of
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:

Fig. 1. 2QHMBC pulse sequences for proton detection of carbon-carbon couplings
in symmetric molecules [10]. For phases ®obs2, ®b and d2, d3 delays see Berger’s
paper [10]. Gradient amplitudes are in ratio 3.02:-1.

double-quantum carbon coherences in the 2QHMBC experiment
after the first carbon pulse is given in Eq. (1). The whole
derivation can be found in Supplementary material 1 (Appendices,
Appendix B).
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InEq. (1), ' and 3], stand for one-bond carbon-carbon and three-
bond proton-proton couplings, respectively. This formula and the
following text are valid for any values of coupling constants. There-
fore they include n-bond distant carbons with 'J, 2/ and 3],y
substituted by "J.., "'Jq and "2, in Eq. (1). The originally
expected maximum for time t = 1/27J(C,H), supposes a time depen-
dence equal to sin(r'J,t). Note that the polarization transfer delay
t corresponds to d2 delay in the pulse sequence (Fig. 1). Obviously,
the real time development given in Eq. (1) is much more
complicated than originally assumed, as the term in Eq. (1) depends
on frequencies (YJoy +ey), (Jec +3Juy) and 2°. Moreover, there
are two different carbon double-quantum coherences:
(G:C—G,C) (He+Hy) and (GG, — GGy )2(HyH, + HyH,), each
with its own buildup of the amplitudes (Fig. 2). The buildup curves
were calculated for typical aliphatic ('J(C,C) ~ 40 Hz,
J(C,H) ~140 Hz, 3J(H,H) ~8 Hz) and aromatic systems
(1J(C,C) ~60 Hz, 'J(C,H) ~ 160 Hz, 3J(H,H) ~ 8 Hz).

Obviously, the double-quantum carbon coherences provided
maxima at positions very different from the original assumption.
The 2QHMBC signal maximum for (Cxc; — CyCJ’,> (Hx + H,) coher-
ence can be estimated from the approximate formula

(1= cos (n('Jec +°Jun)t)) cos (' eut), (1a)

If it is supposed that 2° = '], and %], =~ 0 at least for short t delay.
Value of s2° is typically less than 0.4 and the product
s2°sin(°t)sin(m(Jee + *Juy)t) is close to zero since condition
sin(2°t) = sin(7(Jee +*Juu)t) = 0 is satisfied when a maximum
amplitude of (CXC; - CyC;,) (Hx+H,) coherence is approached.
The maximum achievable amplitude for this coherence is 2 if a suit-
able combination of coupling constants occurs. The maximum
achievable amplitude for (CXCj( - CyCDZ(H,,H/Z + H’sz) appears to
be only 1. Therefore, the experimental setup should follow the
buildup of (CXC; - CyC;) (Hx + Hy) coherence primarily.

2.2. SYMONA experiment

Here, we propose a different pulse sequence, which is shown in
its simplified version in Fig. 3a. The preparation period consists of
(t/]2 — Ry — t/2) polarization transfer segment of the total length
1/(Jec +Jun) for creation of two-spin carbon coherence where Ry
is the proton inversion pulse. The main task of the proton Ry pulse
is to refocus heteronuclear couplings. Ry can in principle be substi-
tuted by the carbon inversion pulse at the cost of losing proton
chemical shift refocusing.
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Fig. 2. Amplitudes of carbon double-quantum proton single-quantum coherences as dependent on length of polarization transfer delay d2. 2QHMBC - open circles (O),
SYMONA - filled squares (M), dashed line - sin(7tjcyt). () and (c): amplitudes oféCXC’X - CyC/y) (Hx + H}) coherences; (b) and (d): amplitudes of (CXC/X - QC})Z (HyH; + H,H,

coherences; (a) and (b): Joy = 140 Hz, Joc = 40 Hz, Jyy = 8 Hz; (c) and (d): Jeu =1

This heteronuclear coupling refocusing is the main difference to
the original 2QHMBC since it changes substantially the time devel-
opment operator during the polarization transfer delay. The polar-
ization transfer period is followed by the (simplified for this task)
double-quantum filter made by two carbon pulses with a suitable
phase cycling which is in principle similar to that in the standard
INADEQUATE experiment [2]. According to Appendix C, Eq. (C3)
(Supplementary material 1, Appendices), the coherence (H + Hy)
develops to

(G~ GGy (Hht-Hi) [ 1= (€2 cos (R e + )
— (s2°)*cos(2t)cos(m( e + *Jum)t) — s2°sin(2t)sin (m(Yee + 3],.,H)t)]
+ (6~ 6Cy )2 (HyH, + HyH.
[(CZS)Zsin(n(UCC +3)t) + (52°) cos(#t)sin(m(Jee + im)t)
—s2°sin(2*t)cos (T (Y +Jun)t)] )

2 — TE(IJCH - 2.]CH)

2S )
A

where s2° and /° are defined in Eq. (1). As for 2QHMBC in the previ-
ous part this equation and the following text are also valid for "],
n=2,3,... and corresponding "*!J-, and "*?J,, couplings. The time

dependencies of amplitudes of (CXC’X—qu,)(HX+H;) and

0 Hz, Jec = 60 Hz, Jyy = 8 Hz.

(CXC; - CyC’y)Z(HyH; +H’sz) calculated for typical aliphatic and
aromatic system are shown in Fig. 2. A total possible amplitude
maximum for (CXC; nyC’y) (Hx+H,) is again two times higher

than a maximum for (CXC; - CyC’y)Z (HyH’Z + H;HZ). As each coher-
ence provides the amplitude maxima for different ¢, it is important

to search for maximum values, especially of the first member. The
simplified expression of Eq. (2) for the amplitude of

(CXC; - QC}) (Hx + H,) coherence is the following:

(1= cos(m("Jee +Jun)t)) (2a)

Therefore, the maximum is achieved when t=1/("Jcc+ *Jun)
providing cos(7("J¢c + 3Juyy)t) = —1. Obviously, the first maximum
for <CXC;( - CyC’y) (Hx + H,) amplitude is much broader in compar-
ison with 2QHMBC (see Fig. 2a and c). The simplification in Eq. (2a)
is possible as the value of (s2°)? is small in practice (about 0.1-0.15)
and (c2°)% = (1 — (s2%)) ~ 0.85-0.9 (for the last equality see Supple-
mentary material 1, Appendices, Appendix A). Specifically, the typ-
ical aromatic case provides (c2%)? = 0.85, s2° = 0.39 and (s2°)% = 0.15.
The member s2°sin(2°t)sin(m(*Jqc + 3Jyy)t) is small for t values in
proximity of 1/(!Jcc+ 3Jun) and the rest of the expression is close
to a maximum. Therefore, the range of maximum signal intensity
is broader, easier to calculate, and the new pulse sequence is less
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Fig. 3. SYMONA pulse sequence for proton detection of carbon-carbon couplings in
symmetric molecules: (a) simplified version of SYMONA (b) 1D SYMONA and (c) 2D
SYMONA. The length of the double quantum gradient filter is denoted dg, ®a =X, y,
—X, =y, ®1 = (x)4, (—x)4, ®2 =(x)8, (—x)8, ®3 =(x)16, (—x)16, ®4 =(x)32, (—x)32,
®dobs = X, —X. Gradient amplitudes are in ratio 3.02:—1 for 1D experiments and in
ratios 3.02:—1 and —1:3.02 to get the echo-anti-echo pair for the phase-sensitive 2D
experiment.

prone to wrong t values settings than the original 2QHMBC [11].
Contrary to 2QHMBGC, this pulse sequence also permits total proton
chemical shift refocusing at the beginning of acquisition. Carbon
double-quantum coherence develops due to chemical shifts during
d3 delay in the 2QHMBC experiment. This can decrease or even
nullify the amplitude of (CXC; — CyC’y> term in a density matrix
and therefore it can decrease the signal intensity. This is not the
case in the new proposed experiment. Another advantageous fea-
ture of this pulse sequence is that it, contrary to 2QHMBGC, it totally
suppresses signals of all spin systems with weakly coupled carbons
and weakly coupled protons. Therefore, the obtained spectrum of
equivalent carbons does not contain any signals from couplings
to other '3C weakly coupled carbons. For the new experiment we
propose the acronym SYMONA (SYmmetrical MOlecules Natural
Abundance double-quantum experiment).

2.3. Simplified approach

When a time development of proton coherences containing
2C,C, products is followed through the preparation period in both
sequences, the optimal setting of d2 delay can be obtained also by

simplified consideration. Note that e.g. the double-quantum coher-
ence (C,(C)’c - cyc;) (Hx + H,) arises from the 2C,C, (H, + H,) coher-
ence by the first carbon excitation pulse. This pulse creates
2C,C, (Hx + H,) = (CyC, — C,Cy) (Hyx + Hy) + (C,C, + C,C,) (Hy + Hy ).
The second term is zero-quantum coherence and it is filtered out
by a double-quantum filter.

The initial coherence (H, + H,) is broken at the beginning of the
preparation period into two differently developing coherences
(Hx+H,) (3 +2C,C}) and (Hy + H,) (3 — 2C.C}) (see Supplementary
material 1, Appendices, Appendices A-C). As the time development
of both coherences is a periodic function, both coherences may be
captured with the amplitude close to unity but with opposite
sign just by choosing the optimal time setting. In favorable cases,
the resulting coherence is [(Hyx+ H,)(+2C.C,) — (Hx + Hy)
(1 —2C,C,)] = (Hx + H,)4C,C,.

In 2QHMBC pulse sequence the first coherence
(Hx+Hy) (3 +2C,C,) develops as cos(m('jey)t) (see Appendices,
Appendix B, Eq. (B1), value of 4], = %], for measurement of '/
is abandoned) while the second coherence (Hy+ H,)(3—2C.C))
develops as cos(m!]eyt)cos(m!jqt) (see Supporting Information,
Appendices, Appendix B, Eq. (B3), when Z substitutes 4° =~ 4* and
is set equal to '], and time development by U%(t) is approxi-
mated by unity for short times t). The final formula for amplitude
of (Hyx + Hy)2C,C, is of [1 — cos(m'Jct)]cos(m!Jyt), which is close
to the approximate Eq. (1a) [1 — cos(n(Jec + 3Jun)t)] cos (n!]eut).
In SYMONA pulse sequence the first coherence
(Hx + Hy) (3 + 2C.C,) does not develop during d2 delay at all and
the second coherence (Hy+ H,)(}—2C.C}) is roughly amplitude
modulated as cos(r'J.t) (see Supporting Information, Appendices,
Appendix C, where A®® in Eq. (C2) is approximated by unity and
time development by U%(t) can be again approximated by unity
for short times t). Therefore, the approximate amplitude of
(Hx + H,)2C,C, coherence is (1 — cos(m!J.t)) which is close to
the target amplitude in the approximate Eq. (2a)
(1 —cos(m(YJee +3Jup)t)). 1t is important to note that when the
(Hx + H,)2C,C, coherence is at its maximum then all other coher-
ences are close to their minima (see Supporting Information,
Appendices Appendix C, Eq. (C2) or (C3)). Therefore, almost total
polarization transfer to (Hy + H,)2C,C, can be accomplished in
both pulse sequences. The conclusions of this part also apply to
cases of "J and corresponding "*!J+, and "+?J, couplings, n > 1.

2.4. 1D and 2D SYMONA for practical use

Similarly to the original 2QHMBC experiment, the basic version
of the SYMONA pulse sequence described above has to be equipped
with an effective gradient double-quantum filter for parent signal
suppression. Then the SYMONA experiment can be used for record-
ing of 1D spectra (Fig. 3b) or alternatively to obtain 2D phase-
sensitive carbon double-quantum chemical shift resolved spectra
(Fig. 3c). The cost for recording 2D spectra is one additional refo-
cusing proton pulse. In both sequences the preparation period
starts with the proton 90 degrees pulse followed by polarization
transfer d2 delay containing the refocusing proton and carbon
inversion pulses to refocus mainly heteronuclear couplings and
also proton chemical shift evolution during the preparation period.
The polarization transfer period is closed by the first excitation car-
bon pulse. The total lengths of the polarization transfer period
should be roughly set to 1/("Jcc + *?Jun) (n > 1, see above). The sec-
ond part of the preparation period consists of t1 evolution for 2D
version and gradient double-quantum filters in both versions.
The t1 evolution delay contains another refocusing proton pulse
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in order to refocus heteronuclear couplings and proton chemical
shift once more. For detailed description of the time evolution of
triple-spin proton single-quantum plus carbon double-quantum
coherence, see Supplementary material 1 (Appendices, Appendix
D, Eq. (D2)). These coherences develop only under heteronuclear
couplings (Supplementary material 1, Appendices, Appendix A,
Hamiltonian H°!) and proton single-quantum and carbon double-
quantum chemical shifts (Hamiltonian H).

2.5. Experimental results

1,1,2,2-tetrachloroethane (HCI,C-CCI,H) (1) at natural abun-
dance was chosen as a testing sample. The SYMONA spectrum is
depicted in Fig. 4. The wiggly signal in the middle of the spectral
pattern at position 0 Hz is a residual parent signal due to an iso-
topomer with two '2C carbons. The signal of the isotopomer with
one '3C and one '2C carbon is totally suppressed. The peaks with
negative intensity separated by (‘Jey+?Jcy) Hz are due to
(4 +2C.C}) (Hyx + Hy) coherence. The positive signals surrounding
each negative peak are separated by 'Jcc + 3Juy Hz. They originate
from the coherence [(% -2C.C) +2 (CXCL + CyC’y)] (Hx+H)),
which appears at the beginning of acquisittion, see Supplementary
material 1 (Appendices, Appendix E, Eq. (E4)). The distance
between the two inner lines is 22 — (1] + 3J;) Hz. This spectral

pattern appears when (CXC;nyC;,) (Hx+H,) is the prevailing

coherence passing through a carbon double-quantum filter (see
Supplementary material 1, Appendices, Appendix E, Eq. (E4)) not
only for SYMONA but also for the original 2QHMBC. Using
3]y =3.0Hz as obtained from carbon satellites in 'H spectrum,
the resulting value of !J« in 1 is 44.5 Hz. Note that if a different

value of d2 delay is used, also (CXC; - CyC’y> 2 (HyH; + H’sz> coher-

ence is created and a corresponding spectral pattern based on Eq.
(E6) in Supplementary material 1 is proportionally added to the
total signal.

Until now the above-mentioned methods were used solely for
measurement of compounds with isolated CH-C'H’ fragments [6-
9,11,12]. However, there are a number of interesting compounds
possessing the CH-C'H’ symmetrical fragment which is unfortu-
nately coupled to other protons. The values of !Jo couplings for
such systems were accessible mainly by computational methods
so far. Therefore, the experimental determination can provide
important feedback to computational chemists. Fig. 5 presents a
1D SYMONA spectrum of benzene, CgHg (2). This compound is a
nice example of a complex and very strongly coupled spin system
containing a symmetric H'3C-'3CH fragment. The spectral pattern

Il||I|IIIIIIIIIIII

120 |80 40 -40 -80

IllIlIIIIlIIIIlIII

V/Hz

1 2
JCH+ JCH

Fig. 4. 1D SYMONA spectrum of 25% (v/v) solution of tetrachloroethane (1) in
chloroform-d. Polarization transfer delay d2 was 22.72 ms, total experimental time
was 53 min with 256 scans.

is basically the same as for an isolated HC-C'H’ spin system. It con-
tains two split negative peaks which are roughly spaced by
(YJen + ?Jcn) and two pairs of positive peaks on each side of the par-
ent/central peak separated by (*Jcc+ *Jyy) within the pairs. Unfor-
tunately, this basic pattern is split by additional proton-proton
homonuclear couplings. Owing to the broad optimum for polariza-
tion transfer delay length, the additional proton-proton homonu-
clear couplings can be neglected in the experimental setting as
they are several times smaller than - and 'Jy. Therefore, d2
can be set to 1/(Ycc + ?Jun) as for the isolated CH-C’'H' spin system.
The 'Jcc was chosen to be equal to 55.9 Hz, which was proposed
from the measurement in oriented media [4].

In order to derive the corresponding value of 'Jcc coupling in 2,
the resulting spectrum has to be simulated since there are no ana-
lytical formulas describing similar structures available. The simu-
lated spectrum for 2 is shown in Fig. 5b. Proper simulation
requires precise knowledge of all carbon-proton and proton-
proton couplings; in the case of benzene, the values can be taken
from the paper of Weigert et al. [19] and Laatikainen et al. [20].
The experimental and simulated spectral patterns are not in per-
fect agreement (Fig. 5a and b). Obviously, the simulation is highly
sensitive to selected values of couplings and isotopic chemical
shifts. Moreover, the experimental pattern also contains residua
of 3Jcc and ?Jcc couplings from other '3C isotopomers which are
not considered in the simulation. The simulation provided the
value of 'Jc for benzene close to 56 + 0.5 Hz, which is in fair agree-
ment with the value 55.9 Hz obtained by Kaski at al. [4].

The influence of additional proton-proton homonuclear cou-
plings is also apparent in the 2D SYMONA spectrum of phenan-
threne (3). Beside the almost isolated symmetric HC-C'H’
fragment (carbons C7 and C7’) this molecule contains also two
fragments with two carbon atoms of accidentally equal chemical
shift (atoms C2, C3 and/or C2', C3’; Fig. 6). The isolated pair
C7-C7 shows a typical pattern for HC-C'H’ system as seen for tetra-
chloroethane discussed above while the pattern of C2-C3 is multi-
ply split by neighbor protons. The 2D version of the SYMONA
experiment was needed since experimental patterns of the two
discussed fragments partially overlap. All other signals of weakly
coupled carbons were effectively suppressed by SYMONA's polar-
ization transfer delay and by phase cycling of the first 90 deg car-
bon pulse in the experiment. The determined value of J(C7, C7)
was found to be 62 0.5 Hz. The required value of 3j(H7, H7')
was obtained from a non-decoupled gHSQC experiment (9 Hz)
since '3C satellites of H7-H7’ peak in 1D proton spectrum were
buried under neighbor parent proton lines. It was not possible to
obtain the value of J(C2,C3) as the simulation did not fit suffi-
ciently the complex spectral pattern despite significant effort.

2.6. "Jcc couplings over several bonds

For small "Jc couplings (n =2, 3, 4 ...), the value of s2° (Eq. (1))
achieves just a few hundredths and therefore s2° can be safely
neglected in all equations for such spin systems. Then the exact
Eq. (1) and approximate Eq. (1a) for 2QHMBC and exact Eq. (2)
and approximate Eq. (2a) for SYMONA are practically identical.
Unfortunately, a serious problem arises when the target spins sys-
tem is affected by additional splitting due to proton homonuclear
couplings. When the target "Joc coupling is of similar magnitude
as the proton-proton homonuclear couplings the signal separation
is not sufficient. The additional proton splittings can effectively
mask the desired carbon-carbon coupling. Additionally, the impor-
tant positive multiplets carrying carbon-carbon coupling informa-
tion are mixed with an intensive negative multiplet which does not
contain carbon-carbon coupling information. Therefore, the total
signal intensity tends to decrease and carbon-carbon coupling
information is dissolved in other signals. Fig. 7 shows a simulated
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Fig. 5. Experimental (a) and simulated (b) 1D SYMONA spectrum of 25% (v/v) solution of benzene (2) in chloroform-d. Polarization transfer delay d2 was 18.18 ms and total
experimental time was 3.5 h with 1024 scans.
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Fig. 6. 2D NMR SYMONA spectrum of saturated solution of phenanthrene in chloroform-d (a), trace for C2-C3 and C2'-C3’ correlation (b), and C7-C7’ correlation (c).
Polarization transfer delay d2 was 16.66 ms, spectral width in F1 was 1000 Hz, number of scans per increment 96, number of increments 2 x 32, total number of scans 6144
and total experimental time 21 h.
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Fig. 7. Simulated 1D SYMONA spectrum of benzene (2) isotopomer with two '>C carbons in para position. Polarization transfer delay was 100 ms optimized for 10 Hz carbon-
carbon coupling.
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1D SYMONA spectrum of benzene 3 coupling. Obviously, the
extraction of the carbon-carbon coupling from such spectral pat-
terns is almost impossible and the obtained value cannot be
trustworthy.

2.7. Symmetric CH,-C'H,, case

A very complicated situation arises when a symmetric
CH,-C'H’; spin system is considered. The analytical solution of pro-
ton single-quantum carbon double-quantum coherence buildup is
possible only when significant simplifications are made, e.g. the
omission of Jyy couplings. In the following all the formulas are
written only for one-bond carbon-carbon couplings (n=1) since
only for these cases the condition "Jcc >> ™[,y is satisfied. The full
expression of the density matrix at the end of the polarization
transfer period just before the first carbon 90-degree pulse can
be found in Supplementary material 1 (Appendices, Appendix F).
Similarly to the CH-C'H’ spin system, the initial density matrix is
divided into two terms: (Hyu + Hx +Hy +H,,) (34 2C,C,) and
(Hx1 + Hy + Hy, + Hy,) (3 — 2C.C}). As shown in Eq. (F5) (Supple-
mentary material 1, Appendices, Appendix F), the first term devel-
ops at the end of the polarization transfer period of the original
2QHMBC to

! ! 1 '
(Ha +Ha + Hy +Hy,) (ﬁ + 2CZCZ> cos (T (Yey +*Jen)t)
+ (Hy +Hya + Hyy + Hp ) (Co+ C) sin (n(Yo + Jan)t)  (33)

Only the first term is relevant for the creation of double-
quantum carbon coherence. Its time dependence is identical to that
of the CH-C'H’ spin system (see Supplementary material 1, Eq.
(B1)). This coherence does not develop in SYMONA. The second
term (Hy + Hy; + Hy, + Hy,) (3 — 2C.C}) develops in both methods
to a very complex expression (see Supplementary material 1,
Appendices, Appendix F, Eq. (F9) and some additional specifica-
tions in Eq. (F11) for SYMONA). An exact formula for all density
matrix terms with carbon double-quantum coherences passing
through the double-quantum filter is not presented here because
of a high complexity. Similarly as for the CH-C'H’ spin system,
the simplified approach can be applied and only
(Hx+Hx2 + Hy + Hy) (3 —2C.C,) member can be followed for
2QHMBC (see Supplementary material 1, Appendices, Appendix
F, Eq. (F9)).

(H +Hgo +Hly +Hy) G - zczc;) (%Re (A"’”) + %Re (AW))

1 4
= (Hx +Hy, +H;1 +H;2) <§7 2C2C2>
{ cos (A™t) cos (1! cct) +52™ sin (2™ t)sin(nljcct)>
%(cos 2Mt) cos (2mt) + (cZ””cz"‘2 +52’”152’"2)5in(2’“1 t)sin(imzt))} .

(3b)

= (e ="+ ) 7 = (40 Y + ).

Szmi _

el

g i=1, 2 com :TE(]]CH_ZJCH)7

;Lm]

2™ — 2n7( ]CHi;z Jau)
Considering Eqs. (3a) and (3b) we get for the amplitude of
(Hu + He + Hy, + H,)2C,C, equal to

cos (T(YJey +Heu)t) — B (cos (2™t) cos (m'fcct) + sZmlsin().’"lt)sin(nljcct))

+ (cos (A™¢t) cos (A™2t) + (CZ"”CZ'"2 +szm'szmz)sin(ﬂ"‘t)sin(l"‘zt))] o~

FNN

cos (TE(]]CH + ZJCH)f)

- % (cos (2™t) cos (']cct) + 2™ sin (2™ t)sin(nUCCt))

—% cos [(A™ — A™)t] (3¢)
The last equality emerges from the fact that

<c2"11c2’"2 +52’"152’"2) =~ 1.
The result is very similar to the amplitude of
(Hx+H) (Cxc; - qu,> in Eq. (1). The main difference is the minor

term 1 cos [(A™ — 2™)t]. Remember that Egs. (3b) and (3c) are
approximate not only because of the simplification made above
but also due to the neglect of the Jyy coupling.

Using the same simplification the
(Ha +Ha +Hy, +Hy,)(3—2C.C,)) in SYMONA pulse sequence
develops to:

Ha +Ho+H,.+H, l —2C, C/ Re AZRMI +—1 Re(AX®M2) ).
x1 X2
4
(Bd)

Here A*™!' and A*™? are defined in Eq. (F11) (Supplementary
material 1, Appendices). When the simplified versions of A*™!
and A*™? in Eq. (F11a) are considered and if the non-developing
(Ha +Hwe +Hy, +Hy,)(3+2C,C,) coherence is included, the
amplitude of (Hy + Hx2 + H, + H,;)2C,C, becomes

%(1 —cos (1] ct)) (3e)

If 2™ and c2™ are approximated by unity in Eq. (F11a).

The obtained approximate Eqs. (3c) and (3e) show that the
polarization transfer behavior of the CH,-C'H), spin system is rather
similar to that in the CH-C'H’ spin system.

Fig. 8 shows the experimental and simulated SYMONA spec-
trum of dichloroethane (4) CH,CI-CH,Cl. The two negative single
lines arising due to (Hy+ Hw +Hy +H,,)(3+2C,C,) coherence
are spaced by (YJcy +2Jcy) Hz, as in the CH-C'H’ case. The negative
peak in the center of the experimental spectrum is a residuum of a
parent peak. The positive signals containing carbon-carbon cou-
pling information are more split than for the CH-C'H' case and
the signal intensity is lower. Therefore, longer experimental time
is necessary, specifically 3.4 h. The proton-proton and carbon-
proton couplings were extracted by simulation of carbon satellites
in a proton spectrum and by simulation of a non-decoupled carbon
spectrum, respectively. A value of 39 Hz for - was obtained from
the simulation of the SYMONA experiment.

3. Conclusions

Analytical formulas for time development of density matrix in
2QHMBC experiment applied for detection of carbon-carbon cou-
plings in symmetrical HC-C'H’ molecular fragments were deduced.
Based on derived formulas, the polarization transfer delay can be
optimized in order to get the maximum signal intensity. Addition-
ally, a new pulse sequence called SYMONA (SYmmetrical MOle-
cules Natural Abundance double-quantum experiment) was
proposed and tested on real samples. The range of maximum signal
intensity in the SYMONA experiment is broader and easier to pre-
dict. Therefore, it is less prone to a wrong setting of polarization
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Fig. 8. Experimental (a) and simulated (b) SYMONA spectrum of symmetrical dichloroethane (25% solution (v/v) in chloroform-d) (4). Polarization transfer delay d2 = 20 ms.
Experimental spectrum was acquired with 1024 scans. The following values were used for spectrum simulation: 'J¢y; = 153.5 Hz, %Jcy; = —3.4 Hz, %y = —14 Hz, %[00 = 8.0 Hz,

3] = 6.0 Hz.

transfer delay length than the original 2QHMBC and can be applied
to more complicated spin systems. However, the determination of
couplings in the HC-C'H’ system coupled to other protons and H,C-
C'H, is complicated by additional splitting due to proton-proton
homonuclear couplings and requires thorough simulation. It was
also shown that the additional splitting by proton-proton homonu-
clear couplings prevents the determination of "Joc couplings over
more bonds by both 2QHMBC and SYMONA experiments.

4. Experimental

All simulations were performed using Bruker NMRSIM [21] sim-
ulation package. All simulations were performed with 4 scans for
1D spectra and with 4 scans for each FID in 2D spectra. All exper-
imental results were obtained on a Varian/Agilent Unity 500 MHz
NMR spectrometer. All the liquid samples were in 25% (v/v) con-
centration in chloroform-d CDCl;, a phenanthrene sample was
used as saturated solution in chloroform-d. The NMR experiments
were carried out on a 5 mm PFG indirect detection probe at 25 °C,
with relaxation delay 10 s, acquisition time 2 s, FIDs were zero-
filled from two to four times the number of acquired points, gradi-
ent pulses and gradient stabilization delays were both 1 ms long,
rectangular gradient pulses were used with amplitudes 32 G/cm
and 10.67 G/cm, proton 90 degree pulses and carbon 90 degree
pulses were 4.2 ps and 28 pis, respectively. Note that the gradients
ratio should be (2yc+ yy):(2yc — yu) = 3.02:—1. The originally pro-
posed ratio [11] 3:—1 is not exact and may cause severe signal
attenuation for stronger gradients. Source codes for 1D SYMONA
and 2D SYMONA pulse sequences for Bruker or Varian/Agilent
NMR spectrometers are included in the Supplementary materials
2, 3, 4, and 5, files SYMONA1D-Bruker, SYMONA2D-Bruker,
SYMONA1D-Varian and SYMONA2D-Varian.
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