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Simplifying the Complex 'H NMR Spectra of Fluorine-Substituted Benzamides by Spin
System Filtering and Spin-State Selection: Multiple-Quantum—Single-Quantum Correlation
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The proton NMR spectra of fluorine-substituted benzamides are very complex (Figure 1) due to severe overlap
of 'H resonances from the two aromatic rings, in addition to several short and long-range scalar couplings
experienced by each proton. With no detectable scalar couplings between the inter-ring spins, the 'H NMR
spectra can be construed as an overlap of spectra from two independent phenyl rings. In the present study we
demonstrate that it is possible to separate the individual spectrum for each aromatic ring by spin system
filtering employing the multiple-quantum—single-quantum correlation methodology. Furthermore, the two
spin states of fluorine are utilized to simplify the spectrum corresponding to each phenyl ring by the spin-
state selection. The demonstrated technique reduces spectral complexity by a factor of 4, in addition to
permitting the determination of long-range couplings of less than 0.2 Hz and the relative signs of heteronuclear
couplings. The technique also aids the judicious choice of the spin-selective double-quantum—single-quantum

J-resolved experiment to determine the long-range homonuclear couplings of smaller magnitudes.

1. Introduction

NMR spectroscopy is a powerful technique for the investiga-
tion of molecular structure, conformation, and dynamics. The
line positions and the line intensities in the high-resolution
single-quantum (SQ) NMR spectra of diamagnetic materials in
the solution state depend on the chemical shifts (0;) and the
scalar couplings (J;). The information on the molecular structure
and conformation is obtained using these parameters, particularly
the three-bond J;; values for obtaining the dihedral angle
restraints.! =3 In a weakly coupled spin system, the first-order
analysis of the spectrum is straightforward. For the measurement
of scalar couplings in such systems several two-dimensional
methodologies are available in the literature, viz., COSY,*?
J-resolved,®" 12 and quantitative J correlation experiments.!3~15
In systems with limited complexity, a single COSY spectrum
allows the identification of a coupled spin network and also
the accurate measurement of all the coupling constants. As far
as the determination of the relative signs and magnitudes of
the coupling constants is concerned, in larger or complex spin
systems often COSY spectra alone are not sufficient for the
analyses. The problem in such situations is the overlap of
numerous multiplet components arising from too many cou-
plings of different magnitudes. Hence, several strategies have
been developed over the years to reduce the number of peaks
in the multiplet pattern, viz., Z-COSY,'® soft-COSY,"7 and
E-COSY.18-2%

Recently we have demonstrated that, in aromatic systems such
as 2-fluoropyridine, 1-chloro-2-fluorobenzene where each proton
experiences several long- and short-range scalar couplings, the
spin-selective multiple-quantum (MQ)—SQ correlation experi-
ment results in drastic simplification of complex 'H spectra.?®-?
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In the present study we demonstrate the analyses of complex
'H NMR spectra of 3-fluoro-N-(3-fluorophenyl)benzamide (1)
and 3-fluoro-N-(4-fluorophenyl)benzamide (2) shown in Figure
1. With numerous scalar couplings experienced by each proton
and the short spectral range of chemical shift dispersion, the
'H spectra of both rings severely overlap. In an earlier study
similar problems were encountered in the analyses of 'H NMR
spectra of 2-(6-fluoro-1H-benzo[d]imidazol-2-yl)aniline, (4-(4-
fluorobenzyloxy)phenyl)methanol, 2-(4-(3-fluorobenzyloxy)phe-
nyl)acetic acid, 2-(4-(4-fluorobenzyloxy)phenyl)acetic acid, 4-(4-
chlorophenoxy)aniline, and 4'-fluorobiphenyl-2-carbaldehyde.?
It was impossible to assign chemical shifts for individual protons
especially in the aromatic regions and to determine all the
associated coupling constants.

The two-dimensional COSY spectrum generally employed
for the identification of coupled partners is shown in Figure 2
for compound 1 as an example. Though the COSY spectrum
identifies the coupled partners, it does not discriminate the spin
systems to aid the analyses. Therefore, the assignment of proton
chemical shifts and the determination of coupling constants is
a formidable task. Though other techniques such as soft-COSY,
Z-COSY, etc. provide reduced multiplicity, the problem of
overlap of the degenerate 'H resonances from the two aromatic
rings still persists. There are also reported pulse schemes for
efficient excitation of multiple-quantum coherence in coupled
networks of specified spin topology?®-° to aid the identification
of spin systems. However, in such experiments the creation of
multiple-quantum coherence is inhibited when the system
departs from the specified spin topology. These pulse schemes
can distinguish molecular fragments containing the same number
of spins but different coupling patterns and are applicable to
molecule 2. However, the design and implementation of such
sequences is not straightforward and also requires more than
one experiment. Furthermore, when the spin topological network
of protons is identical in both rings as in the present molecule
1, the spin topological filtering cannot be applied. The fluorine-
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Figure 1. (A, B) Structures and numbering of interacting spins in 3-fluoro-N-(3-fluorophenyl)benzamide and 3-fluoro-N-(4-fluorophenyl)benzamide,
respectively. (C, D) 'H NMR spectra (500 MHz) of the compounds in (A) and (B), respectively, in the solvent CDCls. The expansions of the

crowded regions are depicted by arrows.
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Figure 2. 'H COSY (500 MHz) spectra of 1 along with F; and F,
projections. The COSY experiment is well-known, and hence, the
experimental details are not given.

decoupled one-dimensional 'H spectrum also displays overlap
of the spectra from two phenyl rings. In the present study we
demonstrate the simplification of the analysis of such 'H spectra
by the application of two-dimensional multiple-quantum tech-
niques with the incorporation of spin-state selection.

The coupling of the NH proton with the remaining protons
and fluorines is undetectable. Consequently, each molecule 1
and 2 can be construed as two independent five-spin systems
(four protons and one '°F). The scalar couplings between the
nearest inter-ring protons is also not detectable. This indicates
that the simultaneous nonselective excitation of two possibilities
of fourth-quantum (4Q) coherence of protons is feasible. The
4Q evolves at the cumulative additive values of four 'H chemical
shifts, which are different for each ring, so the two independent
phenyl ring spectra, therefore, get separated in the 4Q dimension
and by correlation should appear in different cross sections in
the SQ dimension. Nevertheless, the complexity of the spectrum
from each phenyl ring persists due to overlap of two subspectra
corresponding to the laand |30spin states of '°F. These two
subspectra can also be separated from each other using spin-

state selection by the passive '°F spin. Thus, all the proton
transitions from the 'H one-dimensional spectrum can be
separated into four subspectra, each containing 1/4 the number
of transitions from which assignment of the chemical shifts and
extraction of the homonuclear coupling constants are signifi-
cantly simplified. When either of the two proton resonances from
any ring is distinctly identifiable and does not overlap with any
proton resonances from the other ring, the spin-selective double-
quantum (DQ)—SQ resolved experiment?’ can be employed to
derive remote couplings of smaller magnitudes.

2. Experimental Section

The two isomers of difluorinated benzamides, molecules 1
and 2 with the substitution of fluorine in each phenyl ring, were
prepared by the method described in the literature.’! The
isotropic solutions of the molecules were prepared in the solvent
CDCl;. All the spectra were recorded using a Bruker DRX-
500 NMR spectrometer. The molecular structures with the
numbering of the interacting spins and their corresponding one-
dimensional 'H spectra are given in Figure 1. The proton
4Q—SQ correlation experiments were carried out on both
molecules using the multiple-quantum pulse sequence reported
in Figure 3A. The delay, 7, required for creating the homo-
nuclear antiphase magnetization during the evolution period was
optimized for each molecule. The two-dimensional 4Q—SQ
correlation spectra of the molecules are given in Figure 4 along
with the corresponding F; and F, projections. Expansions of
the selected regions of the spectra and the cross sections for 1
are reported in Figure 5. For the determination of remote
couplings of smaller magnitudes, our recently developed spin-
selective double-quantum (SSDQ) J-resolved pulse sequence,?’
shown in Figure 3B, has been employed. The SSDQ J-resolved
spectra of the selectively excited spins for molecule 1 are
reported in Figure 6. All the acquisition and processing
parameters are reported in the corresponding figure captions.

3. Results and Discussion

The one-dimensional '"H NMR spectrum of each molecule
pertains to 11 interacting spins. In both molecules the NH proton
does not exhibit any measurable coupling to the remaining
protons. Consequently, the complex proton spectrum of the
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Figure 3. (A) Pulse sequence used for the multiple-quantum 2D
experiments with nonselective excitation of homonuclear 4Q. The delay
7/2 was optimized for the selection of proton homonuclear 4Q for both
molecules. The gradient ratio was set to 1:4. In heteronuclear spin
systems the sequence mimics the spin-selective pulse sequence used
for the homonuclear spin system. The phase cycling is ®; = ®, = Oy
= 0. (B) Pulse sequence for the spin-state-selective SSDQ J-resolved
experiments. The sequence is identical to that in (A) except the 180°
pulse in the middle of the #; period is nonselective for protons. The
phase cycling is @; = ®gr = 0. Other details are discussed in the text.
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Figure 4. (A) 'H 4Q—SQ correlation (500 MHz) spectra of 1 along
with the F; and F, projections. The size of the 2D data matrix is 1740
x 720 and zero filled to 2048 x 1024 data points. The optimized T
delay is 41.67 ms. The time domain data were processed with the sine
bell window function in both dimensions. The digital resolution in the
F; and F, dimensions is 1.17 and 0.4 Hz, respectively. The four
transitions in the 4Q dimension pertain to two spin states of '°F of
each phenyl ring marked lo.Cand |50 respectively. The assignments of
the chemical shifts for different protons are also marked. (B) 'H 4Q—SQ
correlation (500 MHz) spectra of 2 along with the F; and F, projections.
The size of the 2D data matrix is 2100 x 700. The optimized 7 delay
is 33.33 ms. The data were zero filled to 4096 x 1024 points before
processing. The sine bell window function was used in both dimensions
for processing. The digital resolution in the F, and F, dimensions is
0.49 and 0.12 Hz, respectively. The four transitions in the 4Q dimension
pertain to two spin states of °F of each phenyl ring. The assignment
of the chemical shift for protons is given.

molecule pertains to the ten interacting spins with eight protons
and two fluorines. The 1D 'H spectrum does not display eight
distinct chemical shifts. Overlap of many 'H resonances from
the two phenyl rings is obvious. For the unambiguous analyses
of the spectrum, the unraveling of the overlapped transitions is
a prerequisite. Being separated by seven bonds, the coupling
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between inter-ring spins is undetectable, and hence, the spectrum
of each molecule can be construed as an overlap of two
independent five-spin spectra. The highest homonuclear multiple-
quantum excitation possible in each of the two independent five-
spin systems is a fourth quantum of protons. In 1, the coupled
protons and fluorine of each phenyl ring of this molecule pertain
to the weakly coupled spin systems of the type AFKPX, where
X is the 'F spin and the remaining spins are protons. The 'H-
detected spectrum is the AFKP part of this AFKPX spin system.
In 2, the spin topologies of the two rings are different and the
spin systems are of the types AA'MM'X and AFKPX for the
phenyl rings with fluorine substitution in the para and meta
positions, respectively.

The simultaneous excitation of all the coupled protons using
the pulse scheme in Figure 3A leads to the spin-selective
excitation of 4Q of a five-spin system. This is a situation where
all the coupled protons are active spins and !°F is a passive
spin. In the 4Q dimension the protons evolve only under the
sum of passive (heteronuclear) couplings and at the cumulative
additive values of the proton chemical shifts. Although many
proton resonances from the two rings are degenerate, there are
proton resonance(s) which are nondegenerate. Thus, the sum
of four chemical shifts is different for the two rings. This
difference in the cumulative additive values of the chemical
shifts of 'H’s between the two phenyl rings being of measurable
magnitude, the complete separation of two five-spin spectra is
achieved in the 4Q dimension irrespective of their spin
topologies. Thus, the two-dimensional multiple-quantum tech-
nique has been employed for filtering of the spectra in both
molecules. However, the spectrum from each phenyl ring is still
complex as each proton experiences three homonuclear cou-
plings and one heteronuclear coupling. Furthermore, the 'H
spectrum in each ring is an overlap of two subspectra because
of the loand I30spin states of '°F and can be separated from
each other using spin-state selection by "°F.

3.1. Analysis of 4Q—SQ Correlated Spectra. With the
simultaneous flipping of all the coupled protons, the five-spin
system of the types AFKPX or AA'MM'X behaves like an AX
spin system in the 4Q dimension, where A (all four coupled
protons) is the superspin and X (fluorine) is the spectator spin.
The 4Q dimension pertains to the detection of the A part of
this AX spin system. Thus, each phenyl ring provides a doublet
in the 4Q dimension centered at the cumulative additive values
of their respective proton chemical shifts, with the doublet
separation corresponding to the sum of all the heteronuclear
couplings. The MQ—SQ conversion pulse does not interact with
the spin states of °F. In such a correlation the 4Q coherence
corresponding to the laDspin state of '°F is correlated to SQ
coherences corresponding to the loCspin state of '°F, and there
is no coherence transfer to the |3Cdomain SQ coherences.?’” The
same analogy holds good for |f0domain MQ coherence. A
complex multiplet which is difficult to analyze from the one-
dimensional proton spectrum can be separated into individual
subspectra in different cross sections depending on the passive
spin states, thereby achieving spectral simplification. The cross
section taken parallel to the single-quantum dimension at any
of the spin states of '°F, for each phenyl ring, contains a reduced
number of transitions that are sufficient for the determination
of the scalar couplings among the protons of that particular
phenyl ring. The displacements of the subspectra corresponding
to the lotChnd |50kpin states of '°F at each chemical shift position
of 'H provide the heteronuclear couplings. The direction of tilt
of these displacements differs depending on the relative signs
of the heteronuclear couplings.
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Figure 5. (A, B) Expansion of regions marked with broken rectangles in Figure 4A. (A) corresponds to the expanded region for the protons
numbered 9 and 10, and (B) corresponds to the expanded region for the protons numbered 1 and 5. The opposite direction of tilt in (I) and (II) in
(A) indicates the relative signs of these two Jyr values are opposite. This is true even in (B), but due to negligibly small couplings the opposite
direction of tilt is not clearly evident. (C) Cross sections taken parallel to the F, dimension corresponding to spin states loCand |500f '°F of phenyl
rings where the displacements of cross sections for peaks i, ii, iii, and iv are for the spins numbered 10, 9, 6, and 8, respectively. (D) Cross sections
taken parallel to the F, dimension corresponding to spin states laCand |500of '°F of phenyl rings for the spins numbered 1, 2, 3, and 5. The marked
directions of displacements i, ii, iii, and iv correspond to protons 1, 5, 2, and 3, respectively.

The 4Q—SQ correlation spectrum of 1 shown in Figure 4A
clearly identifies the subspectra from the two phenyl rings. The
difference in the cumulative additive values of all the proton
chemical shifts [(H6 + H9 + H10 + HS8) — (H1 + H5 + H2
+ H3)] between the phenyl rings is 0.87 ppm, and the
corresponding value in the 4Q dimension is 0.87 ppm. In the
indirect dimension, the doublet centered at 7.94 ppm is assigned
to the phenyl ring which has spins numbered 1—35, and the other
doublet centered at 7.07 ppm is assigned to the phenyl ring
which has spins numbered 6—10. Assignments to individual
protons are significantly simplified after separation of the two
independent five-spin spectra and are marked in the figure. The
cross section taken parallel to the F, dimension in each phenyl
ring position for either the loCor the |30state of F provides
all the proton—proton couplings corresponding to the particular
phenyl ring. The simplification of the spectral complexity is
clearly evident from the subspectrum of each cross section,
which contains only one-fourth the number of transitions
encountered in the one-dimensional 'H spectrum. The assign-
ment of peaks to the individual protons of the phenyl rings is
straightforward, and from the multiplicity pattern many homo-
nuclear couplings could be determined and are reported in Table
1. The magnitude of the displacement of the subspectra between
the cross sections and the inspection of the tilt direction at the
chemical shift position of each proton pertaining to the lo[land
|30states provided Jyr and its sign relative to that of the other
Jur values. It is clearly evident that three of the heteronuclear
couplings (Jur) have their displacement vectors tilted in the same
direction and the tilt of one of the displacement vectors is
opposite these three. This is obvious from the expanded regions

of spectra A and B of Figure 4, reported in Figure 5. The cross
sections for the laJand |30states of '°F plotted under identical
scales with the displacement vectors clearly identify the signs
of the heteronuclear couplings. Furthermore, the algebraic sum
of all Jur values with appropriate sign combination is identical
to the doublet separation in the 4Q dimension, confirming the
relative signs of Jyr thus determined.

The 4Q—SQ correlation spectrum of 2 is given in Figure 4B
along with the corresponding F; and F, projections. The
difference in the cumulative additive values of all the proton
chemical shifts between the phenyl rings is 0.61 ppm, which
confirms the corresponding separation in the 4Q dimension.
Thus, the distinctly different peaks for both phenyl rings could
be filtered out in this molecule also. However, the first-order
analysis of the spectrum corresponding to the phenyl ring with
fluorine in the meta position is carried out similarly to that of
the previous molecule. The displacement vector aided the
determination of the coupling constant on the order of 0.03 Hz
(experimental), which is hidden within the natural line width
in the one-dimensional spectrum. However, the protons of the
phenyl ring with fluorine in the para position form “nearly” an
AA'XX' spin system due to accidental equivalence, and the first-
order analysis of the spectrum of this strongly coupled spin
system is not possible. Furthermore, the cross section taken
along the SQ dimension at any of the spin states of '°F in the
4Q dimension provided a deceptively simple spectrum with only
four transitions of significant intensities. The iterative analysis
of the spectrum for the extraction of all the coupling information
with very few detectable weak transitions is tedious. Although
heteronuclear couplings with the relative signs are determined
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Figure 6. SSDQ J-resolved spectra of 1 in the isotropic solvent CDCls.
(A) Spectrum corresponding to the selective double-quantum excitation
of protons 9 and 10. The size of the 2D data matrix is 512 x 96. The
optimized 7 delay is 2.08 ms. The data were zero filled to 2048 x
1024 points before processing. The sine bell window function was used
in both dimensions for processing. The digital resolution in the F; and
F, dimensions is 0.07 and 0.06 Hz, respectively. The displacements
providing the coupling information are (a) Jo 19, (b) J79, () Js9, (d) Jeo,
(e) Jg,10, and (f) Jo,10. The marked spin states in the DQ dimension
correspond to passive spins 6 and 8. (B) Spectrum corresponding to
the selective excitation of protons 1 and 5. The size of the 2D data
matrix is 512 x 48. The optimized t delay is 50.0 ms. The data were
zero filled to 4096 x 1024 points before processing. The sine bell
window function was used in both dimensions for processing. The
digital resolution in the F, and F, dimensions is 0.04 and 0.03 Hz,
respectively. The marked spin states in the DQ dimension correspond
to passive spins 2 and 3. The displacements providing the coupling
information are (g) Jus, (h) J3s, (i) J2s, (§) Jis, (K) Ji2, (1) Ji3, and (m)
Jis. Notice the advantage of the experiment in measuring the precise
values of the smaller couplings (J13, J2s, Jeo, and Js 10) which are difficult
to measure from the other experiments.

precisely for this ring, three of the homonuclear couplings could
only be estimated. The determined spectral parameters are
reported in Table 1 for this molecule also.

3.2. SSDQ J-Resolved Experiment. From Table 1 it is
obvious that the magnitudes of the long-range homonuclear
couplings, viz., >Jun, are very small and their extraction is
severely hindered. These small couplings are hidden within the
natural line width. For example, from Figure 5A at the chemical
shift position of 9, a triplet pattern is observed. The topology
of the spin system suggests that /g9 and 3J 10 are of comparable
magnitudes and can account for this triplet. However, the 3Jg9
coupling, being very small in magnitude compared to the natural
line width, is undetectable. Thus, very small remote '"H—'H
couplings cannot be detected from the subspectrum of the
4Q—SQ correlation experiment.

Homonuclear spin-state selection by very small remote
passive couplings, such as 3Jg9, can be used to circumvent this
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problem. For this to be achieved, the coupling to this remote
proton must be retained in both dimensions and its spin state
must not be disturbed during MQ—SQ conversion. Thus, this
remote proton must be a passive spin throughout the correlation
like a heteronucleus. This necessitates the application of a spin-
selective pulse. Moreover, to avoid spin-state selection by the
19F spin, a nonselective refocusing pulse on the protons in the
middle of the MQ dimension has been applied which mimics
9F decoupling. However, "F—'H coupling together with active
coupling is present in the direct dimension. Hence, the spin-
state-selective homonuclear DQ J-resolved sequence?” has been
applied, which retains coupling to remote passive proton spins
in both dimensions and thereby achieves spin-state selection.
Though small in magnitude compared to the line width, these
remote passive couplings are now responsible for the relative
displacements and are measurable. The pulse sequence for such
an experiment is given in Figure 3B.

The two independent SSDQ J-resolved experiments have been
performed on molecule 1. Figure 6A corresponds to the spin-
selective DQ—SQ correlation of protons 9 and 10 and with the
application of a nonselective 180° pulse on protons in the middle
of the #; dimension. In the DQ dimension the pulse sequence
retains only the sum of passive couplings to protons 6 and 8
(i.e., Jo9 + Js.10 and Jg9 + Js10), while the couplings to the
fluorine spin are completely refocused. In such a situation the
remaining two passive protons (6 and 8) of the corresponding
phenyl ring mimic the heteronuclei. Each of the protons 6 and
8 has spin states lo.Jand |f0and in the spin product basis has
four eigenstates, loosh) loefsh) 186050 and 186fs0) where the
subscripts refer to protons 6 and 8. The spin states of the passive
protons are not disturbed as the DQ—SQ conversion pulse is
applied only on protons 9 and 10, providing spin-state selection.
Thus, the DQ dimension will have four transitions, with the
large doublet separation providing Jgo + Jg 10, while the smaller
doublet separation provides Jg9 + Je 10. The separation in the
DQ dimension would be identical at the chemical shift positions
of both active spins. In the SQ dimension there are two
displacement vectors for each of the spins 9 and 10 which
provide both active and passive couplings. The two displace-
ments at the chemical shift position of proton 9 can be utilized
to determine individual values of Jg9 and Jg9 as reported in
Figure 6A. The displacements at the chemical shift position of
proton 10 can be exploited to derive individual values of Js 19
and Je 10. Thus, from this experiment the couplings, which were
difficult to extract from the 4Q—SQ experiment, could be
determined more precisely. The technique also overcomes the
problem of field inhomogeneity contributions due to the 180°
pulse in the middle of the #; dimension. A similar SSDQ
J-resolved experiment was also carried out for the other ring of
the molecule where the protons numbered 1 and 5 were
selectively excited for double-quantum detection. This spectrum
is reported in Figure 6B. The analysis of this spectrum was
carried out similarly to that of Figure 6A. In this spectrum, also
the displacements at the chemical shift position of proton 1
provided the individual couplings Ji, and J;3 and the displace-
ments at the chemical shift position of proton 5 provided J»s
and J35.

The SSDQ J-resolved experiment was employed for the
determination of long-range couplings in molecule 2 also.
Although the protons of the meta ring are well isolated, the
selective excitation of protons 1 and 5 is impossible without
disturbance of protons 6 and 10 of the para ring. However, the
biselective excitation of protons 2 and 3 could be employed.
This spectrum is not shown, but only the determined parameters



Simplifying the '"H NMR Spectra of Benzamides

J. Phys. Chem. A, Vol. 112, No. 42, 2008 10531

TABLE 1: Chemical Shifts and Couplings Determined for Molecules 1 and 2 in the Solvent CDCl; by Using 4Q—SQ

Correlation and SSDQ J-Resolved Experiments®

molecule 1

molecule 2

parameter value (0, ppm; J, Hz) parameter value (0, ppm; J, Hz) parameter value (0, ppm; J, Hz) parameter value (9, ppm; J, Hz)

51 7.65 (7.65) 56 7.64 (7.64)
5 7.50 (7.48) 57

5 7.29 (7.29) S5 6.90 (6.90)
b4 o 7.34 (7.34)
S5 7.61 (7.61) 510 7.30 (7.29)
Jiz 7.77 (1.73) Jer 10.58 (10.61)
Ji3 0.91 (0.61) Jos 2.49 (2.27)
Jis —0.35 (—0.31) Jo 0.29 (0.10)
Jis 1.38 (1.64) Jo.to 2.12 (2.16)
Js 8.37 (8.29) Js 8.49 (8.32)
Jos 5.61(5.83) Jro 6.5 (6.23)
Jas 0.41 (0.18) Jr10 —0.21 (—0.03)
Jss 8.25 (7.90) Jso 8.22 (8.25)
Jss 2.65 (2.66) Js.10 2.10 (2.14)
Jis 9.32 (9.42) Jo.to 8.12 (8.01)

o 7.61 (7.61) 86 7.58
8 7.45 (7.46) 8, 7.06
05 7.25 (7.25) s

04 o 7.06
05 7.58 (7.58) d10 7.58
Jiz 7.47 (7.46) Je” 10.34
Ji3 0.62 (0.42) Jos 4.81
Jis —0.03 (=0.11) Jo

Jis 1.53 (1.39) Joxo” 5.81
Js 8.29 (8.49) Js 8.21
Iy 5.55 (5.50) Jro” 5.81
Jas 0.64 (0.48) J1.10

Jss 8.06 (7.81) Jso 8.21
Jss 2.74 (2.74) Js.10 4.81
Jis 9.26 (9.27) Jo.1o” 10.34

@ Errors of the parameters are on the order of digital resolution, whose values are reported in the figure captions. Values in parentheses are
obtained by numerical iterations. ? Values were estimated from the deceptively simple spectrum and are not precise.

are reported. As far as the phenyl ring with fluorine in the para
position is concerned, the selective excitation of protons 6 and
10 is not possible due to severe overlap of transitions from the
other ring. Nevertheless, protons 7 and 9 could be selectively
excited. The cross section taken along the SQ dimension of this
spectrum provides the active coupling J79. The determined
spectral parameters for both molecules are reported in Table 1.
It is observed that in both molecules 3Jyr (with the proton in
the position para to the fluorine) is negative. Thus, two Jur
values are negative in 1, and one Jyr value is negative in 2.

Thus, the present study has several advantages; viz., it (a)
filters the subspectra for different phenyl rings, (b) reduces the
redundancy in the single-quantum transitions by spin-state
selection of '°F, simplifying the complexity of the spectrum by
a factor of 4, and (c) provides both the magnitudes and relative
signs of the heteronuclear couplings directly from the displace-
ments without analysis of the 1D 'H spectra. All these
advantages enabled the spectral analyses of both molecules.

The precision of the determination of the spectral parameters
has been further confirmed by the numerical iterative analyses
of both cross sections along the SQ dimension corresponding
to the ladand |30spin states of '°F for each phenyl ring. The
computer program LEQUOR?? was employed. The chemical
shifts and coupling constants obtained by the MQ—SQ correla-
tion experiments were used as the starting parameters and were
iterated further. All the chemical shifts and indirect couplings
were independently varied during iteration. In 1, for the phenyl
ring with spins labeled 1—5, all 30 experimentally detected
transitions were assigned to the root-mean-square error of 0.03
Hz, with no line deviating by more than 0.03 Hz. Similarly for
the phenyl ring with spins labeled 6—10, 28 transitions were
assigned to the root-mean-square error of 0.04 Hz. In 2, as
discussed previously the determination of the couplings for the
phenyl ring with fluorine substitution in the para position was
difficult due to very few detected transitions. However, for the
ring with fluorine in the meta position, 30 lines were assigned
to the root-mean-square error of 0.07 Hz. All the determined
parameters obtained by the iterative analyses have been reported
in Table 1. It is clearly evident from Table 1 that the
experimentally measured values of the couplings are in close
agreement with the numerically calculated values within the
acceptable errors (digital resolution).

The aim of the present work is to demonstrate the simplifica-
tion of the analyses of complex 'H spectra with many interacting

spins. Further work in this direction on other isomers of
benzamides with mono- and disubstituted flurorine and different
halogens is in progress.

4. Conclusions

The one-dimensional proton spectra of isomers of difluori-
nated benzamides are very complex with many degenerate
multiplet patterns. The present study exploits the difference
between the cumulative additive values of proton chemical shifts
of each phenyl ring for their separation using the nonselective
excitation of homonuclear fourth-quantum coherence. This spin
system filtering combined with spin-state-selective detection of
the single-quantum transition significantly simplified the analy-
ses of 'H spectra as far as the determination of homonuclear
couplings is concerned. The magnitudes of the displacements
and the directions of the tilt of the displacement vectors at the
chemical positions of each proton provide heteronuclear cou-
plings and their relative signs. The spin-selective double-
quantum J-resolved experiment aided the determination of
remote couplings. 3Jyr has been observed to be negative in both
molecules.
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