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The recently reported '°F-detected dual-optimized inverted 'Jec 1,n-
ADEQUATE experiment and the previously reported 'H-detected version have
been modified to incorporate J-modulation, making it feasible to acquire all
1,1- and 1,n-ADEQUATE correlations as well as 'Jcc and "Jcc homonuclear
scalar couplings in a single experiment. The experiments are demonstrated
using N,N-dimethylamino-2,5,6-trifluoro-3,4-phthalonitrile and N,N-dimethy-
lamino-3,4-phthalonitrile.
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1 | INTRODUCTION

When investigators encounter an especially challenging
structure elucidation problem, they may be forced to
resort to more sophisticated experimental methods. Sev-
eral examples of this approach to the solution of other-
wise intractable structure problems can be cited. The
structure of the spirononacyclic alkaloid cryptospirole-
pine, first reported in 1993,[1] was found to have been
erroneously assigned in 2002 when several degradation
products were characterized, one of which could not be
mechanistically rationalized from the originally reported
structure.’ It took another 13years until the

development of TCI MicroCryoProbe™ capabilities'®!
and homonuclear decoupled (HD) ADEQUATE tech-
niques became available before the remaining sub-
milligram sample could be fully characterized in 2015.14!
The characterization of homodimericin-A is another per-
tinent example.[s] As recounted by Professor Jon Clardy
at an American Society of Pharmacognosy meeting,'®! the
molecule, which has a C,, central core containing
14 non-protonated carbons, 11 of them contiguous,
refused to crystallize and also defied structural character-
ization using conventional two-dimensional nuclear mag-
netic resonance spectroscopy (2D NMR) techniques, even
when supplemented by computer-assisted structure
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elucidation (CASE) methods, for more than 3 years
because of the ambiguity of long-range heteronuclear
correlation pathways in heteronuclear multiple-bond cor-
relation experiments. In contrast, when 1,1-HD-
ADEQUATE data were employed, it took less than
2 weeks to solve the structure. A third example is found
in the elucidation of the breitfussin structure, which
defied characterization by 2D NMR supplemented by
CASE methods.”! That impasse prompted the first
reported utilization of atomic force microscopy (AFM) to
characterize the substitution of what was shown to be an
iodo-oxazole ring. Since that first report, there has been
substantial progress in the development of anisotropic
NMR methods, which several of the authors demon-
strated could be used to unequivocally assign another
breitfussin analog in 2019.®!

Poly- and perfluorinated environmental pollutants,
like the aforementioned examples, can also represent sig-
nificant structure characterization challenges. In our con-
tinuing efforts to surmount such challenges, we recently
reported the development of °F-detected variants!®'®! of
the ADEQUATE experiment!'!! that can be utilized for
the characterization of poly- and perfluoro compounds
when sufficient samples are available. Our more recent
report!'®! embodied the dual-optimization scheme of the
inverted 'Joc 1,n-ADEQUATE experiment capable of
inverting 'Joc correlations across a broad range of poten-
tial 'Joc scalar coupling constants, thereby allowing both
Jec and "Jec correlations to be measured in a single
experiment.!*>*2l Now, we report the further extension of
the dual-optimization protocol with J-modulation!*3~**!
for both '°F- and 'H-detected ADEQUATE experiments
allowing the establishment and differentiation of 'Jec
and "Jc correlations with simultaneous measurement of
'Jec and "Jec scalar homonuclear scalar coupling con-
stants. To facilitate comparison, the 9F_detected experi-
ment was performed on  N,N-dimethylamino-
2,5,6-trifluoro-3,4-phthalonitrile (1) employed in previous
studies,”1°! whereas the 'H-detected experiments were
performed on N,N-dimethylamino-3,4-phthalonitrile (2)
(the numbering scheme is the same for both molecules).
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The J-modulated variants of the experiment employ
the pulse sequence shown in Figure 1, where the “X”
trace can be either '°F or 'H. The dual-optimization
scheme employed for '°F-detection is identical to
that contained in the previous paper.['®! The red-boxed
segment of the pulse sequence corresponds to the
J-scaling module of the experiment, whereas the
blue-boxed regions provide the dual optimization
that affords broadband inversion of the e
correlations.

One of the inherent problems associated with poly-
and perfluorinated molecules is the impact of the highly
electronegative fluorine atoms on the size of the “J¢c and
"Jec homonuclear coupling constants. Although an
investigator would typically optimize the delays for the
Jec coupling constant in a conventional 'H-detected
1,1-ADEQUATE experiment in the range of about 50 Hz,
which we have shown previously is a reasonable compro-
mise between aryl and alkyl carbon-carbon coupling
constants,!'®*®! this is not a viable optimization for per-
and polyfluorinated molecules. For a conventional '°F-
detected 1,1-ADEQUATE spectrum of N,N-dimethyla-
mino-2,5,6-trifluoro-3,4-phthalonitrile (1), it was neces-
sary to optimize the delays to 80 Hz to obtain good
quality data.!”' In the same sense, it was necessary to
reoptimize parameters for the delays for a '°F-detected
dual-optimized inverted 'Joc 1,n-rADEQUATE experi-
ment."”! One of the typical sets of optima for 'H-detected
dual-optimized inverted 'Joc 1,n-rADEQUATE experi-
ments, 57.0/9.5 and 64.0/8.0 Hz for the 'Joc/"Jcc delay
pairings, is graphically shown in Figure S1.'*13! As is
immediately apparent, the blue summation curve affords
near zero to slightly positive intensity for 'Jec coupling
constants in a range of 80-90 Hz. Although a '°F-
detected experiment using these delay optimizations
would provide some data, "Jc correlations could in some
cases be absent or positive. In contrast, as shown in the
two panels of Figure S2, paired optima of 58.0/6.5 and
80.0/6.5 Hz (panel A) and 70.0/10.0 and 83.0/11.5 Hz
(panel B) for the 'Joc/™Jcc delay pairings affords inver-
sion of 'Jec correlations across a range from 37.7-95.7
and 43.0-100.3 Hz, respectively. This range is consistent
with the 'Jo¢ coupling constants of 1 measured using an
INADEQUATE experiment.!®!

2 | YYF-DETECTED J-MODULATED
DUAL-OPTIMIZED INVERTED 'Jcc
1,N-ADEQUATE

Using the pulse sequence shown in Figure 1 with the J-
modulation module turned off, coupled with the delay
optimizations reported previously (see Figure S2B),11°!
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FIGURE 1 ADEQUATE pulse sequence for X-nucleus detection (X = 'H or "F) with the addition of J-modulation module (red boxed
segment) after the first X — '>C INEPT transfer. Dual optimization (blue boxed segments) is achieved by interleaving on alternate scans

between the chosen two J optimizations shown as A5-'*C Chirp A5 along with A3a through A3. Based on the desire to co-add all of the
data, the normal ADEQUATE phase cycle was doubled. For example, 0° 0° 180° 180° was extended to become 0° 0° 0° 0° 180° 180° 180°
180°, etc. The sequence shown was further modified from the normal ADEQUATE pulse sequence by replacing simple X square 180° pulses

(either "H or '°F depending on which nuclide is being observed) with BIP 720-100-10 constructs to significantly increase effective inversion

bandwidth to accommodate the chemical shift range of '°F. Phases are denoted in the figure with the extended 32-step phase cycle. ®1 = 8
(0°), 8(180°) with incrementation by 180° on odd t; increments; ®2 = 16(0°), 16(180°); ®3 = 4(0°), 4(180°); ®4 = 4(90°), 4(270°) for one of
the P- and N-type phases and 4(270°), 4(90°) for the other as the decoding PFG pulse, G3, is inverted. Receiver phase, ®R = 2(0°), 4(180°), 2
(0°), 2(180°), 4(0°), 4(180°), 4(0°), 2(180°), 2(0°), 4(180°), 2(0°) with incrementation by 180° on odd t; increments. Any pulse unlabeled with
a phase value is phase = 0°. Gradient ratios for the experiment were GO = homospoil; G1 = 77.4; G2 = 78.5; and G3 = 59.0 for 'H and for

19, the gradient ratios were GO = homospoil; G1 = 77.4; G2 = 78.5; G3 = 62.7. The amplitude transfer curves for "H and "°F are shown in

Figures S1 and S2, respectively. (Pulse sequence codes for JEOL delta and Bruker instruments are included in the Supporting Information).

the data shown in Figure 2 were obtained for 1. As is
apparent from an inspection of the spectrum, all of the
anticipated 1,1- and 1,n-ADEQUATE responses are
observed with the correct phase.

The experiment was repeated with the J-modulation
component of the pulse sequence enabled and the J-
scaling factor set to 24 to ensure that "Joc correlations
would be sufficiently upscaled to ensure that they were
readily and accurately measurable. Typically for a J-mod-
ulated 1,1-ADEQUATE experiment, a scaling factor of
10 would suffice; for the typical J-modulated 1,n-
ADEQUATE experiment, a scaling factor of 30 would be
used. Setting the scaling factor to 24 was an effective
compromise. The data from the J-modulated dual-
optimized inverted 'Joc 1,n-ADEQUATE spectrum are
shown in Figure 3, and an expansion of the correlations
for the F5 resonance is presented in Figure 4 to better
illustrate the detail in the spectrum. The Jcc coupling
constants measured from the data presented in Figure 3
were completely comparable with those measured previ-
ously for this compound as determined from a '>C INAD-
EQUATE experiment.'"!

3 | ISOTOPE SHIFTS

Isotope shifts are not often a point of modern-day discus-
sion; hence, it is interesting to recall that Ramsey first
predicted the occurrence of them in 1952,!*! followed by
an experimental demonstration of the phenomenon by
Wimett in 1953.%°! One of the early reviews on the topic
was produced by Batiz-Hernandez and Bernheim in
1963121 followed by the review of Jameson in 2007.1%!
More recently, Hansen has reviewed the isotope effects
on chemical shifts in the study of tautomerism!>*! and
intramolecular hydrogen bonds.**! Other recent reviews
have appeared but are not germane to small molecule
investigations. There have also been several studies
reported that utilize **3’Cl isotope shifts by Molinski's
group®?®! and the NMR group at Merck & Co.,
Inc.””?! Very recently, Hwang and coworkers®’! have
reported the observation ***°Cl isotope shifts on N res-
onances in the case of N — Cl bonds in the course of a
structure elucidation study. An ancillary benefit of the J-
modulated dual-optimized inverted 'Jcc 1,n-ADEQUATE
experiment is that isotope shifts can be readily measured
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19F-detected dual-optimized inverted “Jcc 1,n-ADEQUATE spectrum of N,N-dimethylamino-2,5,6-trifluoro-

3,4-phthalonitrile (1) using the pulse sequence shown in Figure 1 with the J-modulation feature of the pulse sequence turned off. The data
were acquired as 96 t; increments with 1536 transients/increment with 50% NUS sampling, giving an acquisition time of 67 h. The final
resolution after the NUS extension was 0.42 ppm. The dual-optimization pairs were 70.0/10.0 and 83.0/11.5 Hz. The spectrum is identical to
that reported previously using the previously reported dual-optimized version of the experiment that did not utilize the J-modulation
module."” 1J¢ Correlations are inverted and plotted in red, whereas ™J¢¢ correlations have positive intensity and are plotted in black. The
delays are all internally calculated by the sequence based on the input pairs noted above. A5 = 24.0 ms for even scans and 20.08434 ms for
odd scans. A3a = 16.85714 ms for even scans and 14.06024 ms for odd scans. A3 = 15.38978 ms for even scans and 12.59288 ms for odd

scans. INEPT delays based on a 250 Hz 'Jcp value.

from the data. Comparatively speaking, measurement of
isotope shifts will be somewhat facilitated in the non-J-
modulated experiment since the inherent signal-to-noise
ratio of that experiment will be somewhat higher than
that in the J-modulated variant in which the signal inten-
sity is split between the limbs of the doublet in the F1 fre-
quency domain. There also exists the possibility that
isotope shifts, when measured, can be used as a means of
identifying the occasional %Joc or 3Joc correlation
observed in a 1,1-ADEQUATE experiment.!3°-3?!

4 | 'H-DETECTED J-MODULATED
DUAL-OPTIMIZED INVERTED 'J¢¢
1,N-ADEQUATE

As was noted in the introduction, the J-modulated dual-
optimized inverted 'Joc 1,n-rADEQUATE experiment can
be used for 'H as well as the '°F detection experiment.
The 'H-detected data were acquired using the N,N-
dimethylamino-3,4-phthalonitrile (2) to facilitate compar-
ison with the fluorinated congener. Aside from selecting
for 'H rather than 'F detection (with associated
gradient ratio changes), it is also necessary to select a

dual-optimization pairing appropriate for the size of
the 'Joc homonuclear coupling constants of protonated
compounds. The dual-optimized inverted ‘Joc
1, n-ADEQUATE spectrum of 2 is shown in Figure 5; the
data were acquired with dual-optimization pairs of 57/9.5
and 64/8 Hz with the J-modulation turned off. The
spectrum shown in Figure 6 was acquired with the
J-modulation module employed. The scaling factor was
set to 24 to ensure that both the Joc and “Joc doublets
would be sufficiently upsized to allow all of the
homonuclear carbon-carbon coupling constants to be
accurately measured. An expansion of the correlations
for the H5 resonance is shown in Figure 7.

The “Jeoc and “Jec homonuclear coupling constants
for 2 extracted from the spectrum shown in Figure 6 are
collected in Table 2. Despite the congestion in the *C
spectrum in the region of 115-119 ppm, it was still possi-
ble to extract those coupling constants successfully.
Although isotope shifts were expected for the '°F-
detected variant of the experiment performed on 1 based
on our previous work,[w] it is interesting to note that
small (ranging from 1 to 4 ppb) but measurable isotope
shifts were also observed in the 'H-detected data. To the
best of our knowledge, this is the first time that isotope
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19F-detected J-modulated dual-optimized inverted Jec 1,n-ADEQUATE spectrum of N,N-dimethylamino-2,5,6-trifluoro-

3,4-phthalonitrile (1) acquired using the pulse sequence shown in Figure 1 with the J-modulation feature enabled, and with the scaling

factor set to 24. The data were acquired as 224 t; increments with 1536 transients/increment with 50% NUS sampling, giving an acquisition

time of 92 h. The final F1 resolution was 22 Hz after the NUS extension before taking into account the J-scaling factor of 24X. As would be

expected, splitting the correlations into multiplets in the F1 dimension reduces the relative sensitivity of the experiment as compared with

data acquired when the J-modulation module is not employed (see Figure 1). The dual-optimization pairs were 70.0/10.0 and 83/11.5 Hz.

!Jcc Correlations are inverted and appear as doublets in the F1 domain and are plotted in red, whereas "Jc¢ correlations have positive

intensity and are plotted in black. In a full-scale plot, it is difficult to see the doublets for smaller long-range carbon—carbon couplings or the

isotope effects inherent to the correlations that we reported previously.'*! However, these features of the experiment are prominent in the

expansion of the correlations for the F5 resonance shown in Figure 4 (expansions for the F2 and F6 resonances are presented in the

Supporting Information). All delays are exactly as noted in Figure 2.

shifts have been noted and measured from the 'H-
detected ADEQUATE spectrum.

It is quite likely that because of the small size of these
isotope shifts, they were overlooked previously or that
investigators simply aligned the correlations observed in
the 2D contour plot with the reference spectra, which is a
routine practice, thereby obliterating the isotope shift
information extant in the data. The diminutive size of the
isotope shifts (1-4 ppb) is consistent with the difference
between the chemical shift ranges of 'H and '°F, which
play a large role in the size of the observed isotope
shifts,'®! "F-detected spectra affording isotope shifts that
range from 77 to 108 ppb for 1 using the same experiment.

Not anticipating the observation of isotope shifts asso-
ciated with correlations in the 'H-detected experiment,
no effort was made to acquire these data with precision
high enough to accurately measure the tiny isotope shifts
that ranged from =1 to 4 ppb. Further studies are ongo-
ing in an effort to measure the isotope shifts observable
in '"H-detected ADEQUATE experiments with greater
precision. That work will be the subject of a future
communication.

5 | COUPLING CONSTANT
COMPARISONS

Although the 'Joc and "Joc homonuclear coupling con-
stants for 1 and 2 are presented in Tables 1 and 2, respec-
tively, there is rarely an opportunity to directly compare
coupling constants between a compound and its per-
fluoro analog. Thus, we thought it would be beneficial to
extract the corresponding coupling constants and to
directly contrast the various homonuclear scalar coupling
constants as shown in Figure 8. As is readily apparent
from Figure 8, on average, the 'Joc scalar coupling
constants from the fluoro analog, 1, average approxi-
mately 30% larger than the corresponding coupling con-
stants from the protonated molecule, 2, except for the
C5-C6 'Jcc coupling constant, for which the difference is
even larger. It is interesting to note that for the *Joc and
the *Jcc long-range coupling constants, there are sub-
stantial disparities between the protio and fluoro analogs;
the basis for which is not immediately clear. These obser-
vations suggest that developing a more detailed under-
standing of the effect of fluorination on the magnitude of
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FIGURE 4 Expansion of the F5 correlations from the *°F-detected J-modulated dual-optimized inverted “Joc 1,n-ADEQUATE spectrum
of 1 acquired with optimization pairs of 70.0/10.0 and 83.0/11.5 Hz (see Figure S2B). Data are plotted with the inverted 'Jc¢ correlations
shown in red and the long-range "Jc¢ correlations in black. Doublets in the F1 dimension for both types of correlations are upscaled by

K = 24 to allow accurate measurement of both the “Jcc and "Joc coupling constants. Isotope shifts inherent to the *°F-detected ADEQUATE
experiment are denoted using the convention from our previous work and are summarized in Table 1.1% values for the coupling constants
shown were obtained by dividing the measured F1 splitting by the scaling factor, K.
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FIGURE 5 Dual-optimized inverted 1Jcc 1,n-ADEQUATE spectrum of N,N-dimethylamino-3,4-phthalonitrile (2) acquired using the
pulse sequence shown in Figure 1 with the J-modulation module turned off. The data were acquired in 12 h 10 m at 40°C as 48 t;
increments (50% NUS) with 256 transients for each accumulated increment; 96 t; increments were acquired across 80 ppm of **C yielding
after NUS extension a final resolution of 0.42 ppm. The 'H acquisition time was 0.25539 s with a relaxation delay of 1.4 s. The dual-
optimization pairs were 57/9.5 and 64/8 Hz. The 'Jcy delays were optimized for 160 Hz. Correlations in the red-boxed region arise from the
folded F1 responses associated with the N,N-dimethylamino group. All delays were internally calculated by the pulse sequence based on the
input pairs noted above. A5 = 29.70175 ms for even scans and 34.15626 ms for odd scans. A3a = 20.92982 ms for even scans and

26.34375 ms for odd scans. A3 = 19.50682 ms for even scans and 24.92075 ms for odd scans. INEPT delays based on a Jyc = 160 Hz.
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FIGURE 6 J-modulated dual-optimized inverted “Jc 1, n-ADEQUATE spectrum of N,N-dimethylamino-3,4-phthalonitrile (2) acquired
using the pulse sequence shown in Figure 1 with the J-modulation module enabled. The dual-optimization pairs were 57/9.5 and 64/8 Hz.
The scaling factor was set to 24 to ensure that the 'Joc and "J¢ coupling constants could be accurately measured. An expansion of the
correlations for the H5 resonance is shown in Figure 7. The 'H acquisition time was 0.25539 s with a 1.75-s relaxation delay with 640 scans
accumulated for 224 t1 increments at 50% NUS, with an acquisition time of 82 h 15 m. The final F1 resolution was 22 Hz before taking into
account the 24X J-scaling factor. All delays are exactly as noted in Figure 5.
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FIGURE 7

Expansion of the region of the spectrum of the J-modulated dual-optimized inverted “Jcc 1,n--ADEQUATE spectrum of

2 from Figure 6. When plotted on this scale, small isotope shifts ranging from ~ 1 to 4 ppb are observable and could be roughly measured
(see Table 2). Values for the coupling constants shown were again obtained by dividing the measured F1 splitting by the scaling factor, K.

Jcc coupling constants would be important for optimal 6 |

NMR parameter setting and data interpretation in the

course of structure elucidation of perfluorinated organic
compounds and environmental pollutants.

EXPERIMENTAL

All NMR data were acquired using either a 53-mg sample
of N,N-dimethylamino-2,5,6-trifluoro-3,4-phthalonitrile
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TABLE 1 Homonuclear scalar coupling constants (YJee and "Jec) and isotope shifts measured from the J-modulated dual-optimized
inverted “Joc 1,n-ADEQUATE spectrum of N,N-dimethylamino-2,5,6-trifluoro-3,4-phthalonitrile (1) shown in Figure 3 recorded using the
pulse sequence shown in Figure 1 with the dual-optimization pairs set to 70.0/10.0 and 83.0/11.5 Hz. Measured coupling constants were
comparable with those measured using a >*C INADEQUATE experiment

F2 F5 F6
l—nAIQF l—nA19F l—nA19F

IJCC nJCC (13/12—13/12C) 1JCC nJCC (13/12—13/12C) IJCC nJCC (13/12—13/12C)
Carbon  (Hz) (Hz) (ppb)* (Hz) (Hz) (ppb)* (Hz) (Hz) (ppb)*
1 76.7 127, —107 10.3 137, -85 78.7 12N, —99
2 7.8 137, —89 187, —79
3 82.6 127, —108 5.6 14.3 14N, =77
4 5.7 137, —85 80.5 127, —109 12.1 137, —78
5 1-4A, -85 89.8
6 14.1 137, —85 89.3 127, —111 127, —78
10-C=N 7.1 1-4A, —80
12-C=N 6.9 1=4A, —79 2.8 5.9 1=4A, —76

“The isotope shifts are designated as 1"MA where n = 2 denotes a vicinal “Jc¢ correlation (1,1-ADEQUATE) isotope shift and where n = 3 denotes a 2Joc and
n = 4 denotes a >Jcc 1,n-ADEQUATE correlation isotope shift. The ADEQUATE correlation pathways are shown in the structure below:

1'JCC
|

|
SN

TABLE 2 Homonuclear scalar coupling constants (\Joc and “J¢c) and isotope shifts measured from the J-modulated dual-optimized
inverted 'Jo¢ 1,n-ADEQUATE spectrum of N,N-dimethylamino-3,4-phthalonitrile (2) shown in Figure 6 recorded using the pulse sequence
shown in Figure 1 with the dual-optimization pairs set to 57.0/9.5 and 64.0/8.0 Hz. Measured coupling constants were again comparable
with those measured using a **C INADEQUATE experiment

H2 H5 H6
YN ¢ | Al 1ImnAH

1-,CC n]CC (13/12—13/12C) IJCC n]CC (13/12—13/12C) IJCC n]CC (13/12—13/12C)

Carbon  (Hz) (Hz) (ppb)* (Hz) (Hz) (ppb)* (Hz) (Hz) (ppb)*

1 62.0 127, —4 60.5 127, -3

2 5.2

3 n.o. 13A, 2 6.9 184, -1

4 2.9 60.2 124, -3 2.8

5 5.2 1=, -2 58.8 127, —4

6 ~1.9 154, -2 59.7 124, —4

8/9 Me 2.7 1A, -2 2.5 1A, -1

10-C=N 3.4 1A, =3 A, -1

12-C=N 3.9 1A, -2 2.1 5.7 1A, -1

Abbreviation: n.o., not observed.

“The isotope shifts are designated as 1=nA where n = 2 denotes a vicinal “Joc correlation (1,1-ADEQUATE) isotope shift and where n = 3 denotes a 2Joc and
n = 4 denotes a *Jcc 1,n-ADEQUATE correlation isotope shift. The ADEQUATE correlation pathways are shown in the structure below. We estimate the
accuracy of the isotope shift measurement to be on the order of +0.5 to 1.0 ppb (see text).
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2Jcc coupling constants
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FIGURE 8

J¢c coupling constants
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w
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Graphical comparison of the 'Jcc, 2Jcc, and *Jec homonuclear scalar coupling constants from 1 and 2. Coupling constants

for the fluorinated compound 1 are shown in blue, whereas for the protio compound 2 are shown in grey. The coupling constant values used

to generate the figure are present in Table S1. There is no provision in the experiment shown in Figure 1 for determining the relative sign of

the 2Jcc and *Jc homonuclear coupling constants.

@B or a 50-mg sample of N,N-dimethylamino-
3,4-phthalonitrile (2)** dissolved in 550 pl of DMSO-
de.!! Concentrated samples were employed to facilitate
data analysis and the generation of publication quality
data; less concentrated samples can be employed for
routine analysis. Data were acquired using a JEOL
ECZ500R spectrometer equipped with a SuperCOOL™
broadband probe. Parameters for individual experiments
are provided in the figure captions. All data were
processed with matched Gaussian window functions in
both dimensions after doubling the acquired F1 points as
part of the NUS reconstruction process. Additional exper-
imental details are included in figure captions. Plots were
prepared using the JEOL JASON software package
1.2.2669. JEOL Delta 6 and Bruker pulse sequence codes
for the J-modulated dual-optimized inverted 'Joc 1,n-
ADEQUATE experiment are provided in the Supporting
Information.

7 | CONCLUSIONS

In conclusion, we have demonstrated that the °F-
detected dual-optimized inverted 'Joc 1,n-ADEQUATE
experiment, which we previously reported, can be further
modified to incorporate a J-modulation module that
allows the simultaneous measurement of Joc and ™Jcc
homonuclear coupling constants from a single experi-
ment. In this report, it was also shown that the approach
is also amenable to 'H-detected experiments. Conse-
quently, 'H- and '’F-detected experiments afforded a
direct comparison of 'Joc and "Jc¢ coupling constants for
protio and fluoro analogs of the model compound. The
results demonstrated that fluorination leads to significant
increases in the magnitude of Jee, Yee, and 3Joc cou-
pling constants despite model compounds having an
identical carbon skeleton. Isotope shifts in the 'F data
were consistent with those reported previously,[lo] and
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we report for the first time small but measurable isotope
shifts ranging from ~1 to 4 ppm for correlations in the
'H-detected variant of the experiment. These diminutive
isotope shifts have likely been overlooked previously by
investigators, including ourselves, when 2D contour plots
are routinely aligned with the 1D reference spectra
plotted flanking the contour plots during data processing.
As noted above, further work is ongoing in an effort to
more accurately measure the minuscule isotope shifts
associated with correlations in 'H-detected ADEQUATE
experiments, which will be the subject of a future
communication.
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