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High-Throughput Structure Verification of a
Substituted 4-Phenylbenzopyran Library by
Using 2D NMR Techniques**

Harald Schroder,* Peter Neidig, and Gérard Rossé

Innovative technologies for combinatorial chemistry and
automated synthesis make possible the synthesis of large
collections of compounds as potential sources of lead
structures in medicinal chemistry. While the synthesis, puri-
fication, and biological screening of combinatorial libraries
can be performed automatically, purity control and structure
verification remain bottlenecks. Insufficient purity or ambig-
uous structures of screened samples hinder the exploitation of
structure —activity relationships, which are critical elements
for the further design of libraries. The HPLC, MS, and liquid
chromatography mass spectrometry (LC-MS) techniques are
generally accepted as the most appropriate means of charac-
terization.!!l These analytical methods are fast and easy to
automate, but they do not provide sufficient structural and
quantitative data on the desired product. The existing
automated methods based on *C and '"H NMR spectroscopy?
are not routinely applied due to the intrinsic low sensitivity of
BC NMR spectroscopy and the lack of reliable proton-based
automated structure verification methods. We report here a
novel approach for the automated structure verification of
compound libraries by using the experimental data from 2D
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'H,"C-correlated (HSQC) NMR spectra. The method is
designated as the automated definition and recognition of
patterns (AutoDROP).5*! AutoDROP was applied to the rapid
structure verification of all members of a library of ninety-six
substituted 4-phenylbenzopyrans 1. The automated analysis of
the 2D HSQC NMR spectra gave the structural classification
true, false, or unclear.

Structures from a library of compounds can be formally
decomposed into a central core common to all compounds
and a few variable modules (A,, B, C,....), which are varied
systematically with a limited number of structural fragments
within the library (Figure 1). Molecules are thus regarded as a

Structsre code A,8,C,

o -] B, M Op M O H o,

CH [ ¥ a3 hd A% &h

Figure 1. Redundant information in compounds array A,B,C, For
x=6, y=4, and z=4, xxyxz=96 different compounds with the
structure codes A,B,C, are obtained. This library is characterized by
X +y + z + core = 15 different structural fragments, and six of the ninety-six
compounds contain all structural fragments (i.e., A;B,C;, A,B,C,, A;B;C;,
A,B,C,, AsB,C;, and AB,C,).

combination of different substructures, and a structure code
A,B,C,, defined by its synthesis, is assigned to each. Corre-
spondingly, 2D HSQC NMR spectra can be regarded as a sum
of spectra of substructures. A 4-phenylbenzopyran!* library 1
was used to validate the automated structure—verification
procedure (Scheme 1). The 'H and 2D HSQC NMR spectra
were acquired for each of the ninety-six substituted 4-phenyl-
benzopyrans and interpreted by using AutoDROP. In addi-
tion, compounds were analyzed by ESIMS (electrospray-
ionization mass spectrometry) and HPLC.

Scheme 1. Synthesis of 4-phenylbenzopyran library 1.
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The key idea of AutoDROP is to systematically examine
representative 2D HSQC NMR spectra and to derive from
them individual subspectra of the individual substructures A,
B,, C.. The subspectra are managed as spectral patterns in
AutoDROP. Once the spectral patterns of all individual
substructures have been defined, all available spectra can be
tested for the presence of particular substructures in the
synthesized compounds.

In the first step, an automated procedure was applied to
define spectral patterns. The 2D HSQC spectra are peak-
picked, and all peaks are given a normalized intensity of unity.
Linear combinations of spectra were applied in a systematic
way to automatically isolate and define the spectral patterns
of specific substructures (Table 1). An addition and subtrac-

Table 1. Linear combination of spectra to obtain the patterns for the
substructure A, .1

Al A2 B1 B2 C1 C2 C3 Cc4
+ A1BI1C1 1 0 1 0 1 0 0 0
+ A1B1C2 1 0 1 0 0 1 0 0
+ A1B2C3 1 0 0 1 0 0 1 0
+ A1B2C4 1 0 0 1 0 0 0 1
— A2B1C1 0 1 1 0 1 0 0 0
— A2B1C2 0 1 1 0 0 1 0 0
— A2B2C3 0 1 0 1 0 0 1 0
— A2B2C4 0 1 0 1 0 0 0 1
sum: 4 —4 0 0 0 0 0 0

[a] The threshold is adjusted so that only peak areas of the substructure
remain. A threshold of two would discriminate between A, and all other
substructures. Integral boxes are then defined for the remaining peak areas.

tion procedure affected thereby all peaks within a given
search radius. Peak areas were finally obtained by an
unsupervised direct cluster analysis, which detects groups of
peaks. Rectangular envelopes around such groups were then
compiled into spectral patterns (Figure 2). Alternatively, the
spectral patterns could be obtained by manual interpretation
of the representative 2D HSQC spectra.

In the second step of AutoDROP, the compound structures
were validated by applying the defined spectral patterns to the
NMR spectra. This automated operation was based on the
integration of spectral patterns. The peak integral of the
central core shared by all members of library 1 was used as an
internal reference integral. Suitable reference spectra for each
structural fragment were selected, and the ratio of each
integral to the reference integral (ratio of core integral to
single integral) was calculated for all spectra. This ratio was
set to 100% for the reference spectra, and integral values for
all other spectra were rescaled accordingly. Comparison of the
ratio of the spectrum to be analyzed with the ratio of the
corresponding reference spectrum allowed discrimination
between correct and incorrect structures. A given structural
fragment was verified when the threshold was above a
predetermined value. For library 1 a threshold of 35% was
selected. The proposed structure was assigned the attribute
true when the patterns of all expected structural fragments of
the compound were found in the 2D HSQC spectra (Table 2).
The ratio of core integral to single integral or the signal-to-
noise ratio was used to identify samples containing very small
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Figure 2. Decomposition of a 2D HSQC spectrum of a compound into the spectral patterns
(color-coded). For example, the spectral pattern of Bl is composed of three signal regions
(rectangular envelopes). a) The spectral patterns of each A,, B;, C, were found, and the structure
of the expected compound A,B,C,; is therefore validated. b) Structure of compound A,B,C, was

not verified because the spectral patterns of both A2 and C1 are missing.

amounts of compound, as well as samples with large contents
of impurities. The attribute “unclear” was assigned to these
particular samples.

The '"H NMR and 2D HSQC experiments established that
the 4-phenylbenzopyrans were obtained as mixtures of
diastereomers in an approximately 1.8:1 (syn:anti) ratio.

Table 2. Graphical output of the NMR automated structure verification.[?!

Signals of two side products 2 and 3 overlap
with signals of the compound in the spectrum.
The spectra of the ninety-six 4-phenylbenzo-
pyrans were measured in 16 h. The automat-
ed calculation steps to interpretate all spectra
were performed in less than 5 min.

l".:'ll

200

Of the ninety-six compounds analyzed with
AutoDROP, sixty-eight proposed structures
were found to be true (one false positive),
eleven were proved false (one false negative),
and seventeen designated “unclear”. Subse-
quent manual analysis of the 'TH NMR spectra
of these seventeen unclear structures found
nine to be true (A6, C4, C10, D2, E6, E10,
G5, G6, G10; see Figure 3) and eight false
(B10, C12, D1, D8, D9, F12, H7, HS8). These
analyses showed that eighteen compounds
were not obtained by the synthetic procedure.
Comparison of the results of the NMR
method with those of an automated ESIMS
analysis (Figure 3) showed that the structures
of four samples out of the ninety-six were not
validated by either NMR or ESIMS analysis,
and four analyses were in contradiction.
These four samples were classified by inter-
pretation of the 'TH NMR spectra. Erroneous
automated NMR results were obtained for
compounds in wells A12 (true structure) and
D04 (false structure) but were easily corrected by means of
the '"H NMR spectra.

A novel procedure based on 2D NMR experiments was
used for the rapid automated structure validation of all
members of a 4-phenylbenzopyran library. The throughput of
the AutoDROP NMR method is comparable to that of

ll'_1|] ]

1.00

200

Result Al A2 A3 A4 AS A6 B1 B2 B3 B4 Cl1 C2 C3 C4
AlBI1C1 + + - - - - - + — - - + - - _
Al1B2C1 + + - - - - - - + - - + - - —
Al1B3C1 - + - - - - - — - - + - - _
AlB4C1 ? + - - - - - - - - + - - - -
AlB1C2 + + - - - - - + - - - - + - —
Al1B2C2 + + - - - - - - + - - — + - —
A1B3C2 + - - - - - - + - - - + - —
Al1B4C2 - + - - - - - - - - + - - - -
A2BIC1 + - + - - - - + - — - + - - —
A2B2C1 + - + - - - - - + - - + - - —

[a] All 2D HSQC spectra were tested for the presence

of each of the possible substructures by using the integration procedure.

The substructure was

considered to be present in the molecule (+) when all integrals of one substructure exceeded a defined threshold. When all substructures of the sample were
present, the structure was assigned the category true (+). When some of the expected substructures were not found, the structure was given the category false
(—). If the signal-to-noise ratio or the ratio of the core integral to the single integral was below a certain limit, the category unclear (?) was assigned.
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Figure 3. Combined results of the automated NMR and ESIMS analysis

are summarized. Each cell contains the expected structure code and the
data for NMR (top left), ESIMS (top right). Green means that the
proposed structure is true in NMR spectroscopy and gives the expected
molecular ion in ESIMS. Yellow indicates unclear results in both NMR
spectroscopy and ESIMS. Red means that the proposed structure is false by
NMR spectroscopy or does not give a diagnostic molecular ion in ESIMS.

current LC-MS methods. An automated qualitative and
relative quantitative analysis of the compounds by using
AutoDROP would be possible if the exact amount of sample
were known. AutoDROP can be used in combination with
ESIMS to analyze compound arrays from combinatorial
chemistry and automated synthesis programs, and a wide
application of this method is expected.

Experimental Section

The samples (from <1 to 5 mg) were dissolved in [D{]DMSO (600 uL).
NMR spectra were acquired in standard NMR tubes (5 mm) on a 400 MHz
Bruker DRX 400 spectrometer equipped with a 120-sample changer.
Tetramethylsilane was used as internal standard. For 'H NMR 16 experi-
ments were performed; two scans per increment and 128 experiments were
performed for 2D HSQC. Cycle time to acquire 'H and 2D HSQC NMR
spectra and change the sample was 10 min per sample. AutoDROP is
implemented in AMIX software (Bruker) and can be applied to 1D or 2D
NMR spectra. ESIMS spectra were acquired on a PE Sciex API 300.
Gradient of acetonitrile and H,0/0.05 % trifluoroacetic acid were used for
HPLC. Analytical HPLC was performed on an YMC Pack Pro Cz column
(5 pm, 75 x 4.6 mm), flow rate 2.5 mLmin~!, detection at 254 nm.

Library 11/ was synthesized by a multicomponent reaction’. A 0.5m stock
solution of all reagents was prepared in ethanol. A solution of a phenol
(400 puL, 0.2 mmol) was added to the reactor, and a solution of the
corresponding unsaturated aldehyde (400 uL, 0.2 mmol) followed by a
solution of the appropriate secondary amine (400 puL, 0.2 mmol) were
dispensed. The reactors were closed and heated to 70°C for 3 h. After
cooling to room temperature, twenty-four compounds were collected by
decantation, and the remaining seventy-two compounds were purified by
preparative HPLC on a YMC Pack Pro Cig column (5 um, 120 A, 50 x
20 mm).
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Molecular Topology:
Easy Self-Assembly of an Organometallic
Doubly Braided [2]Catenane**

Christopher P. McArdle, Jagadese J. Vittal, and
Richard J. Puddephatt*

Molecular topology!! is in a period of remarkable growth
as the advent of new synthetic strategies, based on ideas such
as metal-ion templating®® and self-assembly through non-
covalent interactions,* '3 has allowed the design and isolation
of supermolecules such as catenanes, rotaxanes, and
knots.'*!81 Today, with the synthesis of increasingly intricate
molecular topologies,!'*?? these supermolecules attract con-
tinued attention for their potential application in the develop-
ment of molecular devices.” In this context, we report the
discovery of an elegant example of molecular self-assembly
which has led to the isolation and first structural character-
ization of a doubly braided [2]catenane. This complex
organometallic structure, assembled in one step from eight
components, exhibits evidence of a fast “rocking” motion of
the two 50-membered rings. Fine tuning the organic backbone
results in the formation of topologically distinct complexes; a
simple ring and a single braid [2]catenane.

In a system comprising two rings, the formation of
mechanical bonds (nonbonded interconnections) can lead to
topologically isomeric molecules (Figure 1). While simple
rings (A) and [2]catenanes (B) are both well recognized at the
molecular level, the doubly braided [2]catenane (C) has
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