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Considerable work has been invested in the area of computer-assisted structure elucidation (CASE)
methods. As NMR techniques have been developed that provide more effective atom-to-atom connectivity
information, it has become theoretically possible to do de novo structure elucidation based on 2D NMR
datasets recorded for an unknown molecule. However, as annular (ring) nitrogen atoms become more
prevalent in complex chemical structures, the ability to rely solely on 'H and '*C homo- and hetero-nuclear
direct and long-range connectivity information to solve a structure correspondingly diminishes. Hence, we
now wish to rePon the results of an investigation into the application of CASE methods with and without
long-range '"H-'>N data using posaconazole as a model compound, which has eight annular nitrogens in
its structure. With the inclusion of 'H-'">N data long-range data, the structure could be successfully
determined in a few hours. Excluding the '"H-""N data caused the program to generate millions of candidate
structures, none of which fit the data well enough to be stored.
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INTRODUCTION

The utility of obtaining long-range 'H-'">’N 2D NMR
data to support the structure elucidation of polyaza
drugs, alkaloids, and related molecules is intuitively
obvious and has been reviewed multiple times [1-6].
Similarly, there have been several extensive recent
reviews of computer-assisted structure elucidation
(CASE) methods [7,8]. There have been several exam-
ples published in which authors have evaluated the
performance of various CASE programs for the determina-
tion of chemical structures with and without the inclu-
sion of long-range 'H-'>N correlation data [9-13].
Cheatham et al. [14] have also recently examined the
impact of 1,I-ADEQUATE and H2BC data on CASE
methods but did not incorporate long-range 'H-'°N 2D
NMR data in that study. The reports that have appeared
thus far, however, have not involved molecules with
large number of annular (ring) nitrogen atoms incorpo-
rated in their structures, and the molecules were still
successfully determined without the long-range 'H-'"N

heteronuclear correlation data albeit less efficiently [9-13].
For this reason, we were interested in exploring the
potential impact of the inclusion or exclusion of long-
range "H-'>N heteronuclear correlation data when the
molecule under examination involves a relatively large
number of annular nitrogens. For this reason, we elected
to utilize the antifungal agent posaconazole, 1, whose
>N chemical shift assignments and long-range 'H-'>N
correlations have been recently reported [15].

The study reported here utilized the Structure Elucida-
tor " program v.12.01 developed by ACD Labs. Posa-
conazole, 1, has a molecular formula of Cs;;H4,F,NgO,4
incorporating eight nitrogen atoms in three of the seven
cyclic moieties of the structure [15]. When the data,
including long-range 'H-'°N heteronuclear correlations
were used as input to the Structure Elucidator program,
the program produced 16,550 structures, 87 of which
passed the structure filter. The correct structure was the
best fit; structure generation ran for just over 6 h. In
contrast, a repeat run excluding the long-range 'H-'">N
correlation data generated over 104 million structures in
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25 h of computing time; none of the structures fit the
NMR data well enough to be stored and, at that point,
the computation was stopped. The assignments of the
'H, 13C, and >N chemical shifts of posaconazole, 1, are
summarized followed by a discussion of a general
approach to using CASE methods for structure elucida-
tion and a discussion of the results obtained using the
Structure Elucidator CASE program in particular.

NMR SPECTROSCOPY

A sample was prepared by dissolving 5.2 mg of posa-
conazole in 200 pL DMSO-dg (CIL) after which the
sample was transferred to a 3-mm NMR tube (Wilmad)
using a flexible Teflon”™ needle and a Hamilton gas-
tight syringe. All spectra were recorded with the sample
temperature regulated at 25°C. Proton and carbon refer-
ence spectra, a 'H-'C HSQCAD spectrum and an 8-Hz
optimized 'H-'*C GHMBCAD spectrum were obtained
using a Varian dual channel 500-MHz NMR spectrometer.
An 8-Hz optimized 'H-'>N GHMBCAD spectrum was
obtained using a 300-pug sample of 1 dissolved in 30 pL
of dg-DMSO using a Bruker 600 MHz NMR spectrometer
equipped with a 1.7-mm TCI gradient triple resonance
MicroCryoProbeTM [15].

ASSIGNMENT OF THE NMR SPECTRA OF
POSACONAZOLE

The NMR of posaconazole and several degradation
products has been previously reported but resonance
assignments were not detailed in that report [16]. Hence,
a complete assignment was performed manually using a
conventional approach. The numbered structure (1) is
shown above; the resonance assignments are collected in
Table 1. A total of 20 usable, long-range "H-'°N corre-
lations were observed in the 'H-'">"N GHMBC spectrum
of posaconazole [15]. The stereochemistry was not
reconfirmed but has been well established. The assign-
ment process was straightforward with only two methine
resonances, those for H46 and H47, in close proximity,
resonating at 3.81 and 3.80 ppm, respectively. There
was, however, no ambiguity in the interpretation of the
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2D spectra because of a noticeable offset of the cross
peaks in the proton dimension.

STRUCTURE ELUCIDATION METHOD

In any structure elucidation based on CASE methods,
contradictions can be introduced for a variety of reasons.
Examples of sources of errors include: resonance marking
errors and/or ambiguities in marking peaks’ positions;
errors caused by the user placing constraints that are
too stringent on certain correlations; and errors due to
mistakenly assigning resonance multiplicities in HSQCAD
data among others.

The overt choice was made not to use automatic cor-
rection of inconsistencies or to allow “fuzzy generation”
[7] to ensure that all the data marked were used and that
all data were consistent. These choices perhaps involve
some time penalty in terms of data preparation, but this
approach also provides a “clean” dataset and, thereby,
increased confidence in the results of the structure gener-
ation. The molecular connectivity diagram (MCD) for
posaconazole is shown in Figure 1. The steps used to
prepare the data for the computation run can be outlined
as follows. Note that the procedure described below is
sensible when one is looking to correct the raw data and/
or to search for alternative structures that may fit the
available data, for example, in the case of a by-product
of a reaction or a degradation product. When dealing
with a true unknown, one obviously cannot follow this
procedure to the full structure, but the general approach
still shows how the data can be thoroughly checked and
plausible substructures consistent with all of the data con-
structed using the Structure Elucidator program package.

1. Acquire and process all 1D and 2D spectra.

2. Reference all spectra and align the 1D spectra with the
2D spectra. The alignment process, as far as it can be
taken, is crucial. Successful CASE runs require that
the same lH, 13C, and "°N chemical shifts are used to
mark cross peaks in all of the 2D spectra.

3. Provide heteroatom information as possible. For exam-
ple, there is a noncarbon bound proton resonating at
4.68 ppm based on the HSQCAD spectrum. The
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Table 1
Summary of the 'H, 13C, and '"’N NMR assignments for posaconazole (1) in dg-DMSO.

5 BC/PN, Multiplicity, ACD™ C

Assignment 8 'H (ppm) Multiplicity, Jyu (Hz), Jur if noted ppm Jer (Hz) predictions
2 4.02,3.74 dd, 8.7, 7.4 cm 69.9 s 70.1
3 2.53 cm 38.4 s 40.0
4 2.40, 2.13 ddd, 13.0, 8.2, 2.3 (Juy or Jyp); dd, 13.2, 8.1 37.6 d, 2.7 38.9
5 - - 83.3 d, 3.9 85.7
6 3.75, 3.67 dd, 9.4, 7.7 cm 68.7 s 70.5
8 - - 152.2 S 154.2
9/13 6.80 d, 9.1 115.0 s 114.6
10/12 6.94 d, 9.2 117.6 S 116.1
11 - - 145.4 s 144.3
14 - - 126.2 dd, 12.8, 3.5 123.0
15 - - 158.7 dd, 246.4, 12.4 160.8
16 7.27 2.6 cm 104.5 t, 26.5 104.2
17 - - 161.9 dd, 246.0, 12.1 163.9
18 6.99 ddd, 8.4, 8.4 (Jup), 2.4 111.0 dd, 20.6, 3.5 110.7
19 7.29 6.9 cm 128.5 dd, 9.7, 5.8 128.6
20 4.60, 4.56 d, 14.6; d, 14.6 55.2 d, 3.5 56.0
N21 - - 212.8 S -
N22 - - 298.8 s -
23 7.78 s 150.5 s 152.1
N24 - - 252.6 S -
25 8.34 s 145.0 s 142.8
N26 - - 60.8 s -
27/31 3.16 cm 49.6 s 49.9
28/30 331 cm 48.3 s 50.2
N29 - - 65.4 S -
34 - - 149.7 s 147.2
35/39 7.10 d, 9.2 115.8 s 115.0
36/38 7.51 d, 9.1 122.7 s 125.0
37 - - 125.7 s 123.8
N40 - - 155.0 S -
41 - - 152.4 s 151.1
N42 - - 174.2 s -
N43 - - 262.8 s -
44 8.33 s 134.8 s 134.1
46 3.80 cm 62.5 s 63.9
47 3.81 cm 67.1 s 68.0
48-OH 4.68 d, 5.0 - - -
49 1.70 cm 21.3 s 222
50 0.74 t,7.3 10.6 s 11.6
51 1.12 d, 6.0 19.9 s 19.8

"H-'">N-data further indicates that this proton is not
directly bound to nitrogen. Therefore, it must be a
hydroxyl proton, which can be introduced as program
input by creating a pseudo 'H-'"O HSQC 2D spectrum.
. Where possible, account for obvious structural features
by the addition of user constraints. For example, the
YE-13C couplings observed in the 1D '*C spectrum were
used with other data to assemble the m-difluorophenyl
ring of posaconazole.

. Account for symmetry where possible. Although the
recognition of symmetry is quite quick for an experi-
enced spectroscopist, establishing symmetry, for exam-
ple, for a 1,4-disubstituted phenyl ring is a much more
time-consuming process for computer programs.

. Conduct a consistency check of the data. In Structure
Elucidator, this consistency check examines the MCD.

If the consistency check fails, no structures can be
generated, and the data will have to be rechecked to
remove the inconsistency.

7. Next, working back to the correct set of original con-
straints (step 4), any user constraints added ad hoc are
gradually removed, and the structure generator is
run after each set of constraints is removed.

For the present example, the iterative, stepwise pro-
cess just described and allowed us to arrive at a robust
set of data and constraints that could produce the correct
structure in a reasonable amount of time. Once this was
achieved, it was possible to examine closely the effect
of '“N-related constraints as well as other groups of con-
straints on the structure generation, without having to do
further evaluations of the individual constraints.
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Figure 1. Molecular connectivity diagram (MCD) for posaconazole incorporating the long-range 'H-'"N constraints (see text), Elucidator v 12.01.

STRUCTURE ELUCIDATION OF
POSACONAZOLE USING STRUCTURE
ELUCIDATOR

There have been numerous reports that have appeared in
the literature that have treated the general topic of CASE of
complex natural product structures. For a comprehensive
treatment of the work that has been reported, the interested
reader is referred to two recent reviews [7,8]. We will not
delve into the many nuances of CASE methods, but the
basic premises of this study are noted below.

The 1D proton spectrum was used to make important as-
signment decisions, but the spectrum itself was not included
in the structure elucidation run. Our experience has shown
that if all proton signals are accounted for (e.g., including
the OH signal discussed next) by some means, including
the raw 1D "H NMR spectrum usually only serves to make
it more difficult to “shape up” the data properly because of
the multiplet structures arising from homonuclear coupling.
A proton spectrum with integration or with full multiplet
analysis creates conflicts with the 2D data, because the
program does not know how to choose a consistent 1D
chemical shift from the spectrum. A proton spectrum spe-
cifically peak picked to choose a single chemical shift for
each proton multiplet might work, but as the location of
the multiplets in the case of inevitable overlap generally
comes from the 2D data, it seems more reasonable to have
the program determine those chemical shifts in that manner.

In any structure elucidation using CASE methods, there
is a high probability that contradictions will be created for
various reasons, for example, because of mismarking of
peaks, or because the program has placed constraints that
are too stringent on some correlations, or because the
multiplicity information in the HSQCAD spectra has been
entered incorrectly in the program input. For example, in
the latter case, it is usually necessary to indicate to the
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program that the HSQCAD spectrum is multiplicity-edited
and to subsequently indicate specifically which carbons are
methyls and methines. Any error in this procedure will
result in a failure of the MCD during checking. In general,
a very careful line-by-line review of all of the data is
necessary. We chose not to use automatic correction of
inconsistencies or to allow “fuzzy generation” to assure
that all of the data marked are used and consistent. These
choices impose a time penalty on the investigator, but
they also result in a clean dataset and, thereby, increased
confidence in the output of the program.

Finding a problematic correlation can be a challenge.
The procedure detailed above has been found to be the best
method to identify problematic correlations. In the present
case, the molecule had to be almost completely constructed
before the final problem correlation was uncovered; it
turned out to be a GHMBCAD correlation, the constraint
for which needed to be loosened from 1-3 bonds to 1-4
bonds. General loosening of all of the constraints would
be impractical for a molecule of the size of posaconazole
because of the consequent, drastic increase in computing
time for structure elucidation that would result. While the
general procedure just outlined may appear to be cumber-
some, it does provide an effective means of identifying a
problematic correlation or correlations.

Once the data appeared to be well conditioned all ad hoc
user constraints were removed, and a full elucidation run
was initiated using the molecular connectivity diagram
shown in Figure 1. In all, 29 GCOSY, 26 'H-"*C HSQCAD,
20 'H-""N GHMBCAD, and 78 'H-">C GHMBCAD corre-
lations were used to generate constraints for the program.
One-bond user constraints were limited to six for the
difluoro-phenyl ring system (see above), six for pairs of
vicinally coupled protons from the two para-substituted aro-
matic rings and the piperazine ring (see above), and eight
one-bond correlations added from symmetry considerations

DOI 10.1002/jhet
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Figure 2. The best six unique structures obtained from a computation run using Elucidator v 12.01 and incorporating all nitrogen constraints. Goodness of
fit for the proton, carbon, and nitrogen chemical shifts for each structure are shown. The “best” structure, upper left hand corner, is the correct structure.

(see above). It was clear that additional constraints could A total of 16,550 structures were assembled, with 87

have reasonably been added to the dataset based on straight- structures stored after a structure and chemical shift
forward logic and in a practical application, this would be filter was applied. The best three structures (based on
done. However, the objective here was to test a large mole- their fit to ACD-calculated proton, carbon, and nitro-

cule with a minimum number of constraints and to let the gen chemical shifts) were the correct structure for posa-
program do as much of the structure generation calculation ~ conazole. Figure 2 shows the first six structures in order

as possible. of goodness of fit of the NMR data to ACD predictions.
After a consistency check of the data, the computation At this point, the 20 "H-"’N GHMBCAD experimental
run commenced. In 6 h 0 min 29 s, the run concluded. constraints were removed, as were six symmetry-generated
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Figure 3. Structure Elucidator run after the addition of 12 GCOSY cross peaks, an adjustment of the intensity threshold for GHMBC cross peaks
to 2-3 bond interactions so that the threshold for fourbond interactions was lowered from 3% to 1%, and a change in the filter to prohibit rings
from 7 to 30 in size. The run lasted 2 h 50 min; note that these structures are the same as the six most likely structures shown in Figure 2.

constraints directly involving nitrogen atoms, because the
initial constraints from interaction between a particular
proton and a nitrogen would not exist. The run was
restarted. The catastrophic effect of omitting the 26 con-
straints from the calculation was immediately seen in the
number of structures generated; for example, after 25 h,
over 104,000,000 structures had been generated, and none
had passed the filters and been stored.

Journal of Heterocyclic Chemistry

The effect of reworking the data was explored briefly
in two ways. First, the original data and conditions were
reset to match those used for the initial run with nitrogen
constraints included. The GCOSY data were then
enhanced by marking 12 additional cross peaks in the 2D
spectrum. These cross peaks were of lower intensity than
those used previously and could be expected to include
some four-bond interactions. When the run was restarted,
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the program ran slightly longer than the initial run at 6 h
16 min, but produced fewer structures, 6193, and fewer
structures were saved, 58. Thus, straining to include low-
level 2D cross peaks did not enhance the computation time
but did reduce the number of candidate structures. The best
structure was, again, the correct structure.

A different approach to reworking of the data produced
interesting results. Taking the dataset as it stood after the
addition of the 12 GCOSY cross peaks, the intensity
threshold for GHMBC cross peaks to be used only for 2—
3 bond interactions and not for four-bond interactions was
lowered from 3 to 1%. At the same time, the structure
filter was changed to prohibit rings from 7 to 30 in size—
this change was expected to reduce the number of struc-
tures saved significantly but not affect the search time.
The elucidator run then lasted only 2 h 50 min with 4785
structures generated and only six unique structures were
stored. These structures are shown in Figure 3. Again, the
best structure was the correct structure.

These latter two examples suggest that adding longer
range interactions that are looser in terms of constraints
will not improve the structure generation significantly but
putting stronger rules for existing constraints can reduce
the calculation time dramatically. Thus, constraints that
are possibly 4-5 bonds in length are much less useful than
short-range interactions. Of course, the last example does
have the danger that some cross peaks that represent a
four-bond interaction may be misinterpreted. If this is the
case, the general result (assuming one is not using “fuzzy”
generation [7]) will be an MCD check failure and/or a
failure to produce any candidate structures.

A final adjustment of the data was also instructive.
All GHMBC long-range constraints were forced to 2-3
bonds. None of these constraints were allowed to extend
to four plus bonds. It was anticipated that this action
would result in the generation process producing no
structures at all. However, 4785 structures were pro-
duced (the same as previously) and once again, six
unique structures were stored; however, the generation
dropped to 59 min. This observation suggests that once
the dataset is known or reasonably expected to be self-
consistent, that working from a minimalist interpretation
of long-range constraints at the outset might prove more
efficient. Gradually loosening the constraints and repeat-
ing the structure generation step to look for alternative
structures could then be explored. It should be noted
that using these strong GHMBCAD constraints does not
materially affect the elucidation process when the 'H-'"N
constraints are removed; a repeat of this elucidation was
conducted for over 20 h that produced over 13,000,000
structures but, once again, none were stored. The reduc-
tion of the number of structures from >104,000,000 to
13,000,000 is a significant reduction but was not sufficient
to produce usable structures in a reasonable period of time.
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SUMMARY

Posaconazole (1) represents a stringent test case for a
CASE program because of the presence of eight annular
nitrogen atoms each with multiple constraints from the 2D
spectra (totaling 20 raw 'H-'>N constraints). Kock er al.
[9] have reported that even partial long-range 'H-'C and
'H-"N heteronuclear shift correlation information can
have a dramatic impact on the number of structures that a
CASE program generates. The considerable benefit of
obtaining "N 2D data is clear when an investigator is
dealing with a nitrogen-containing total unknown is quite
clear as shown by this and other published reports [9-13].
We note that this comment can be extended to other types
of heteronuclear data, such as 19F as well as 3'P data. In
fact, as molecules become as large as or even larger than
posaconazole, the value of each additional independent
constraint in reducing computation time becomes corre-
spondingly larger. A serious problem for CASE studies is
how to render certain types of data into a form usable by
the CASE program without creating constraints that are
not justified by the data. We are continuing our investiga-
tions with additional complex molecules and will report
on these investigations in the future.
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