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ABSTRACT: The 1,1-ADEQUATE spectrum clearly shows
specific two-bond proton to carbon correlations to unequiv-
ocally distinguish the major and minor regioisomers of ortho-
halogenated pyridines and to aid in assignment of the
corresponding proton and carbon chemical shifts. M06-2X/
6-31+G(d,p) free energies of the regioisomeric intermediates
arising from deprotonation correctly predict the experimen-
tally observed preference and thus can be used to tune the
substituent pattern to yield a desired regiochemical outcome.

Structural elucidation of regioisomers often relies on mass
spectrometry data for molecular formula and on 1D and

2D NMR data to establish and distinguish the regioisomeric
structures. Among the array of 2D NMR techniques, the
heteronuclear multiple bond correlation (HMBC)1 experiment
was designed to utilize nJCH couplings to correlate long-range
proton to carbon connectivities for the structural elucidation of
molecules. These correlations are crucial to assign the chemical
shifts of quaternary carbons and connect different moieties of a
molecule together in order to determine the molecular
skeleton. Although the HMBC experimental data usually
contain two- and three-bond proton to carbon correlations,
longer four- and five-bond correlations can also appear. Because
the number of bonds in these correlations is not specific in the
HMBC data, the data may fit into several possible structures or
may result in ambiguous chemical shift assignments. To resolve
these ambiguities, carrying out further experiments to
distinguish two- and three-bond correlations is necessary.
Experiments designed for this purpose include 2J3J HMBC,2

H2BC,3 and 1,1-ADEQUATE.4,5 In essence, 2J3J HMBC uses
3JHH,

2JCH, and
3JCH couplings, while H2BC applies 1JCH and

nJHH couplings to differentiate two- or three-bond correlations
between proton and proton-bearing carbons. 1,1-ADEQUATE
employs 1JCC coupling to generate two-bond correlations
between proton and carbon and extends the correlation to
quaternary carbon. The specific two-bond proton to carbon
correlation from 1,1-ADEQUATE can speed up the determi-
nation of the correct structure using the computer-assisted
structure elucidation (CASE) algorithm.6 Other examples using
1,1-ADEQUATE for unambiguous structure elucidation
include (1) determination of the substitution site on the
pyrrole moiety of natural products (Figure 1a,b),7 where the 3-
pyrrolyl derivative was elucidated as the 2-pyrrolyl derivative
previously,8 and (2) structural revision of coniothyrione with

respect to the Cl position attached to C4 instead of C3 (Figure
1c).9,10 Additional structural elucidation examples using the
ADEQUATE family of experiments have recently been
reviewed.11

In addition to the possibility of incorrect structure
elucidation of regioisomers without two-bond proton-to-carbon
connectivity information, misassignment of quaternary carbon
chemical shifts can also occur. Kalaitzis et al. surveyed the
literature and found that the 13C assignments of two
brominated carbons C2 and C4 in the cyclohexadienyl ring
moiety of bromotyrosine-derived metabolites (Figure 1d) were
misassigned in more than 20 compounds.12 These errors were
mainly due to utilization of earlier data without further
verification. For the correct assignment of these quaternary
carbon chemical shifts, the authors show that in the HMBC
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Figure 1. Structures for the substituted pyrrole compounds (a, b),
coniothyrione (c), and bromotyrosine-derived metabolite (d).
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spectrum of such metabolite, derived from marine sponges, the
unambiguous assignment of C2 at 112−113 ppm comes from
the correlation of 1-OH to C2 in the cyclohexadienyl ring,
which resolves the ambiguity that both H1 and H5 in the
cyclohexadienyl ring correlate to C2 and C4 in the HMBC data.
Ambiguities such as that described above can be also resolved
by 1,1-ADEQUATE in a few hours using NMR equipped with
a cryoprobe setup, allowing for structural determination of
natural products requiring only a few milligrams of isolated
material.6

During the course of development of a drug candidate for an
internal clinical program, we became interested in a highly
regioselective halogenation reaction (Scheme 1; X = Cl/Br)

involving addition to 3,5-disubstituted pyridine derivatives at
either the C2 or C6 position.13 Given the two possible
regiochemical outcomes, unequivocal characterization (and,
ultimately, control) of regioselectivity was critically important.
Similar to the ambiguous 13C assignment issue in the

cyclohexadienyl ring examples mentioned above, the protons at
position 2 or 6 in both regioisomeric products from Scheme 1
have correlations to C3 and C5 in the HMBC data. In this
study, we report the application of 1,1-ADEQUATE and
HMBC to clearly distinguish C2 and C6 regioisomers in
mixtures obtained from the halogenation reaction above and
the use of density functional theory to calculate the difference
of Gibbs free energy between regioisomeric intermediates to
correctly predict the major and minor products.
Figure 2a shows the chlorination reaction with 2-bromo-4-

phenoxypyridine N-oxide 1. The major and minor chlorinated
regioisomers 2 and 3 in the sample have H6 and H12 proton
peaks at 8.40 and 8.22 ppm, respectively, in a ratio of about 94
to 6. In the HMBC spectrum (Figure 2b), H6 has correlations
to C5 at 119.1 ppm and C3 at 144.7 ppm, while H12 has
correlations to C9 at 119.4 ppm and C11 at 152.9 ppm.
Although C5 and C9 (and C3 and C11) have similar carbon
chemical shifts, the intensity of the H6 to C5 correlation peak is
stronger than that of the H6 to C3 peak, indicating that H6 to
C5 is a two-bond proton to carbon correlation, while H6 to C3
is a four-bond correlation. Similarly, H12 to C11 has a stronger
correlation peak intensity than that of H12 to C9, indicating
that H12 to C11 is a two-bond correlation. Measurement of
long-range proton-to-carbon coupling constants by HSQMBC-
type experiments15 shows that 2JH6,C5 and

4JH6,C3 of 2 are 5.5
and 1.9 Hz, respectively, and 2JH12,C11 and

4JH12,C9 of 3 are 3.7
and 1.9 Hz, respectively (see the Supporting Information). This
observation is consistent with the peak intensities in the HMBC
spectrum. The corroborating 1,1-ADEQUATE spectrum of the
mixture of 2 and 3 in Figure 2c shows H6 and H4 have two-
bond correlations to C5, while H10 and H12 have two-bond
correlations to C11. Since H4 and H10 are in the para position
to the pyridyl nitrogen, additional two-bond correlations are
observed for H4 to C3 and H10 to C9, respectively. These data
confirm that the major regioisomer possesses the Cl substituent

attached at the 2 position, while the minor regioisomer
incorporates Cl at the 8 position.
Interestingly, when the reactant substituent was changed

from phenoxy (1) to the phenylthio moiety (4) on the pyridine
N-oxide ring, the minor and major chlorinated regioisomers 5
and 6 possess a ratio of ∼22 to 78 (Figure 3a), opposite the
result for the reaction in Figure 2a.
In the HMBC spectrum of the mixture of compounds 5 and

6 (Figure 3b), H6 at 8.39 ppm has a stronger correlation to C5
at 119.4 ppm (2JH6,C5 = 5.1 Hz) and a weaker correlation to C3
at 136.7 ppm (4JH6,C3 = 1.7 Hz), while H12 at 8.30 ppm has a
weaker correlation to C9 at 119.8 ppm (4JH12,C9 = 1.8 Hz) and a

Scheme 1. Highly Regioselective Halogenation Addition to
3,5-Disubstituted Pyridine Derivatives14

Figure 2. Comparison of HMBC and 1,1-ADEQUATE spectra of the
mixture of compounds 2 and 3. The sample was 80 mg/mL in DMSO-
d6. For constant-time HMBC,16 long-range JCH was set to 8 Hz,
spectral width in F2 = 2.4 ppm, transmitter centered at 7.8 ppm with
2048 data points acquisition, and for 1,1-ADEQUATE (ade-
q11etgprdsp in the Bruker library), 1JCH was set to 160 Hz, 1JCC =
60 Hz, spectral width in F2 = 10 ppm, transmitter centered at 5 ppm
with 2048 data points acquisition and 13C decoupling during
acquisition.. For both HMBC and 1,1-ADEQUATE, d1 = 1 s, and
spectral width in F1 = 70 ppm where transmitter centered at 135 ppm.
For HMBC, number of increments in F1 = 256 with 16 scans per
increment, and for 1,1-ADEQUATE, number of increments in F1 =
128 increments with 256 scans per increment. HMBC and 1,1-
ADEQUATE took 2.2 and 11.1 h to acquire, respectively. Squared
Sinebell window function was applied before Fourier transform of 2D
data. In the F1 dimension, the data points were forward linear
predicted to 1024 points. Magnitude mode display was used in the F2
dimension for HMBC data.

Figure 3. Comparison of HMBC and 1,1-ADEQUATE spectra of the
mixture of compounds 5 and 6. The sample was about 5.5 mg/mL in
DMSO-d6. Experimental parameters were the same as those in Figure
2. The weakest H6 to C5 correlation peak is above the noise level, and
the corresponding 1D slice taken at the carbon frequency 119.4 ppm
shows the peak has an S/N ratio of ∼2.6.
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stronger correlation to C11 at 134.1 ppm (2JH12,C11 = 6.8 Hz).
The unambiguous 1,1-ADEQUATE spectrum (Figure 3c)
shows H6 and H4 have two-bond correlations to C5, while
H10 and H12 have two-bond correlations to C11. These data
confirm that the major component has Cl attached at the 8
position and the minor component has Cl at the 2 position.
After establishing the capability of this methodology to

distinguish the regioisomers in the reaction samples, we
acquired 1D and 2D NMR data for structure elucidation of
the synthesized compounds listed in Table 1. For compounds

7−12, proton coupling constants are sufficient to distinguish
the location of Cl or Br incorporation. For other compounds,
HMBC and 1,1-ADEQUATE data were used to confirm the
structure of the major regioisomer. For the minor component,
we then looked into the 1D aromatic region for doublet peaks
originating from the ortho proton next to nitrogen in the
pyridyl moiety. The doublet peak from the minor component
at a low level (∼1−2%) may not have sufficient S/N for
correlation peaks in 1,1-ADEQUATE due to the small amount
of material. Nevertheless, in HMBC, the correlation peaks for
minor components in all samples show up clearly. If the
correlation patterns and corresponding carbon chemical shifts
from the minor doublet peak are similar to those from the
major regioisomer, the minor component can be classified as a
regioisomer of the major component. Otherwise, the doublet
peak from the minor component is from an impurity in the
sample. For example, in compounds 13 and 17 in Table 1,
small doublet peaks from impurities, at 1.2 and 0.8% levels
relative to 13 and 17, respectively, have correlations to
bromine-bearing carbon around 118 ppm, instead of ∼134
ppm for the phenylthio-substituted carbon.
Given the sometimes significant changes in regiochemical

preference upon differing substitution at one of the meta
positions of the pyridyl ring (e.g., reversal in the cases of
systems 9 and 10 versus 15 and 16 and systems 2 and 19 versus
6), it was of interest to determine whether the regiochemical

outcome of the halogen-capture step could be predicted in a
straightforward matter using computational techniques, utiliz-
ing the relative energetics of the putative intermediates involved
in the reaction. Density functional theory calculations17 at the
M06-2X/6-31+G(d,p) level18 were used to characterize the
(net charge neutral) intermediates arising from the proposed
Et3N-mediated deprotonation of the O-oxalylated N-oxide
substrate. Figure 4 depicts the relevant structural parameters,

ESP-derived atomic partial charges,19 and free energy differ-
ences between the putative intermediates of system 7 involved
in halide capture.
While a previously proposed mechanism entailed electro-

philic capture of halide by the above intermediate(s), structural
and charge characteristics consistent with a pyridinium-2-ylide-
type structure20 are also readily evident. Indeed, a slight
decrease in N1−C2 and N1−C6 bond lengths from ca. 1.34 Å
in the O-oxalylated pyridinium precursor (not shown)21 to ca.
1.33 Å occurs upon deprotonation of the respective centers of
the major and minor intermediates. This is accompanied by a
high degree of charge separation between the pyridinium
nitrogen and deprotonated carbon centers, each of which
consistent with an ylide-like resonance structure.22

Table 2 below provides a summary of the experimentally
determined regioisomeric ratios and computed relative
stabilities of both the major and minor deprotonation
intermediates, as well as those of the final halogenated
products. It is observed that, for all cases, the trend of
regioisomeric ratio can be predicted from the energy differences
of the corresponding deprotonated intermediates prior to
halogenation, including the decreased regioselectivity for
systems 6 and 20.24 On the other hand, relative product
stabilities are a poorer indicator of selectivity, not only for
moderately selective systems 6 and 20, but also highly
regioselective system 7.

Table 1. Regioisomer Ratios for Different Substituents Used
for Scheme 1 Reactiona

aThe major components are shown.

Figure 4. Ring interatomic distances (top) and electrostatic potential
mapped onto the total electron density (0.001 au contour level;
bottom) for 7, with resultant atomic charges for the major and minor
deprotonated intermediates depicted in Scheme 1 based on M06-2X/
6-31+G(d,p).
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In conclusion, we have shown the application of 1,1-
ADEQUATE and HMBC for unequivocal structural elucidation
of halogenation products of 3,5-disubstituted pyridine deriva-
tives and their regioselectivity is determined by integration of
corresponding peaks from different regioisomers in the 1D
proton spectrum. When ambiguity for structural elucidation or
chemical shift assignment occurs for similar systems, 1,1-
ADEQUATE can be employed to resolve the uncertainty. For
reactions of this type, the dominant regioisomer can be
predicted from the relative stabilities of the deprotonated
intermediates involved in the subsequent halogenation step.
This allows for the computational investigation of optimal
substituent pattern, prior to synthesis, in order to effect or
maximize a desired regiochemical outcome.
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