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ABSTRACT: Fragment-based drug discovery (FBDD) is a well-
established technology for lead compound generation in drug
discovery. As this technology has evolved, the design of fragments
for screening has also evolved to engender not just an
understanding of the role of modulating the physicochemical
properties of fragments (Rule of Three, Ro3) but also the
importance and implications of incorporating shape and, in
particular, 3D characteristics into fragments. Herein, we describe
the design and synthesis of pyrrolidine-based fragments with good
fragment-like (Ro3) physicochemical properties that effectively
sample three-dimensional molecular space.

KEYWORDS: Fragment design, functionalized pyrrolidines, asymmetric synthesis, molecular shape, 3D space

Fragment-based drug discovery is a well-established front-
line technology for the generation of high quality small

molecule leads, clinical candidates and drugs.1 The quest to
identify fragments containing the correct balance of properties
that enable efficient optimization is an ongoing goal for
fragment-based lead discovery campaigns. On top of restricting
molecular complexity (size) and balancing physicochemical
properties (such as Rule of Three, Ro3), there has been
significant interest in modulating properties via structural
features that dictate the overall levels of saturation and shape of
fragments. While there has been much debate over what
exactly constitutes the correct level of saturation (defined in
this Letter as Fsp3 = fraction of sp3 carbons/total number of
carbons) and shape of fragments, there is agreement among
practitioners that fragments should contain a balance of
saturation/unsaturation and at least one aryl group. Such
molecules will have sufficient levels of entropic and enthalpic
contributions to target binding. In addition to saturation,
molecular shapeand more specifically the three-dimensional
(3D) character of fragmentsis an area of significant interest
and debate among the fragment community.2 A properly
designed fragment library will not only explore 3D
pharmacophore space for hits but will also provide synthetic
access to 3D functionalization space, which is desirable for hit-
to-lead evolution. Saturation and 3D-character are also known
to impart favorable physicochemical properties to fragments, in
particular improved solubility.
In addition to the aforementioned design criteria, there is

also significant interest in synthesizing fragments stereo-
selectively and creating homochiral fragment scaffolds with

predefined chirality and therefore a proclivity toward enhanced
3D character. One fragment scaffold that is of particular
interest in the fragment community is pyrrolidine. Apart from
being a scaffold present in many natural products and drugs,3

appropriately substituted pyrrolidines provide good coverage
of functional vector space for fragment optimization.
Furthermore, pyrrolidines can provide expanded 3D coverage
via energetically accessible conformations that result from
pseudorotation. To take advantage of these attributes, robust
and flexible chemistries that strategically enable the synthesis
of pyrrolidine fragments covering 3D molecular space are
needed.
Metal-catalyzed asymmetric 1,3-dipolar cycloaddition of

azomethine ylides and olefinic dipolarophiles provides a
general route to diversely functionalized homochiral pyrroli-
dines.4,5 Yet, despite the maturity of this reaction, examples
using heteroaromatic Schiff bases to access the corresponding
2- (or 5-) heteroaromatic-substituted pyrrolidines are relatively
rare.6−15 One potential problem that could arise when using
chiral ligands to control the developing stereochemistry is that
the presence of Lewis-basic heteroatoms in the substrates may
also form dative bonds with the metal, disrupting and/or
competing with formation of the desired intermediate chiral
ligand−metal−azomethine ylide complex. This competing
ligand problem could become acute in instances where the
heteroaromatic ring is capable of chelation with the imine
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nitrogen, with the exception of special cases where such
chelation is, by design, integral to the complex structure. We
reasoned that general access to homochiral heteroaromatic
pyrrolidines might be achieved by using a chiral auxiliary
attached to the azomethine ylide for stereocontrol rather than
relying on chiral ligand mediated asymmetric induction.
The endo-selective16 and exo-selective17 asymmetric [C +

NC + CC] cycloaddition reactions, originally developed to
enable the transient generation and subsequent auxiliary-
controlled 1,3-dipolar cycloaddition of azomethine ylides
derived from enolizable aliphatic aldehydes, seemed well-
suited to our purposes (Scheme 1). Synthesis of the

heteroaromatic pyrrolidine fragments was carried out in the
following manner: the Ag(I)-catalyzed endo-selective [C + NC
+ CC] reaction proceeded through a Schiff base formed by the
condensation of aldehyde 1 and glycylsultam 2/ent-2, followed
by generation of a metallo-azomethine ylide that reacts with
the dipolarophile 3 in a concerted manner to give the endo-
cycloadducts 4/ent-4. However, the complementary Cu(I)-
catalyzed [C + NC + CC] reaction favored formation of the
corresponding exo-cycloadducts 5/ent-5. The relative stereo-
chemistry of the cycloadducts was supported by NOE data
(Supporting Information). In the method’s original manifes-
tation using enolizable aldehydes, all three [C + NC + CC]
components could be combined at once since the enhanced α-
acidity of the N-acylsultam resulted in rapid conversion of the
transient Schiff base to a metallo-azomethine ylide. However,
with the heteroaromatic aldehydes 1 described herein, it was
found that preforming the Schiff base was optimal for the
cycloaddition.
Oppolzer’s camphorsultam, which is readily available as

either antipode, directed the absolute facial selectivity of the
cycloaddition and provided a convenient handle for
purification, analysis, and subsequent chemistry. Since the
camphorsultam auxiliary is enantiomerically pure, the cyclo-
adducts and derivatives thereof are also enantiomerically pure.
This was confirmed in one case using chiral HPLC

(Supporting Information). The N-acylsultam also provided a
convenient synthetic handle for derivatization as exemplified
by conversion of the cycloadducts to their corresponding
methyl esters and alcohols as shown. By using this method-
ology, a total of 48 structurally distinct fragments (6a−f, 7a−f,
8a−f, 9a−f, ent-6a-f, ent-7a-f, ent-8a-f, and ent-9a-f) may be
synthesized in just three steps from readily available starting
materials.
The chemistry described herein is able to generate unique

collections of homochiral pyrrolidines. Our strategy is
distinguished from prior approaches to pyrrolidine fragments
in that the diversity is installed up front through the use of a
robust reaction that is general and tolerant of ancillary
functionality. From a fragment design standpoint, we chose
synthetic components that would generate cycloadducts with
properties that are consistent with known desirable fragment
properties (such as Ro3). In order to profile the library, we
generated a virtual matrix of the 48 fragments using AbbVie’s
internal design platform and calculated both physicochemical
and shape-based properties. This three-point of diversity
library arose via the cycloaddition of six heterocyclic aldehydes
(1, hArCHO) with both enantiomers of the Oppolzer sultam-
derived glycyl amines (2/ent-2), which generates a reactive
azomethine ylide that reacts with a single dipolarophile
(acrylonitrile). Depending on the catalyst employed and the
two different final auxiliary cleavage steps, 48 unique fragment
products are possible. Note that acrylonitrile was employed as
it is a highly activated dipolarophile giving either the endo or
exo cycloadduct selectively. The carbonitriles produced can act
as good hydrogen bond acceptors for fragment binding and/or
offer a flexible synthetic handle that can be transformed into a
variety of functionality for further fragment optimization. The
added flexibility of controlling endo/exo facial selectivity is
particularly useful as it allows for a much more robust sampling
of vector space via position 4 of the pyrrolidine.
Overall, the diversity of this set of fragments from a 2D

standpoint (ECFP-6 fingerprints with 10% belief) is rather
limited giving just two clusters. However, when a much more
comprehensive set of chemical descriptors are used, such as the
600 or so used for t-SNE (t-directional stochastic neighbor
embedding) clustering, differentiation between fragments is
apparent and significant.18 Note that t-SNE allows for the
visualization of high-dimensional data via dimensionality
reduction into 2D, represented as dim1 (x) and dim2 (y) in
the diversity plot shown in Figure 1. The algorithm reduces

Scheme 1. Asymmetric [C + NC + CC] Cycloaddition-
enabled Synthesis of a Pyrrolidine-based Fragment Library

Figure 1. t-SNE clustering of 48 fragments with enantiomeric pairs
connected by a line, colored by nature of the heteroaromatic ring
system and labeled based on relative stereochemistry.
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dimensionality and preserves neighborhood distance such that
adjacent fragments on the plot are the most similar by virtue of
multidirectional space. This manifests in the diversity plot as
each of the enantiomeric pairs are close neighbors and
connected by a line. Many of the pairs are in the same cluster
or are connected to a cluster directly adjacent to its
enantiomer. Here, you can clearly see that all three regio-
isomeric pyridine-containing heterocycles (4Py, 3Py, and 2Py)
are clustered together with two distinct clusters differentiated
by the final cleavage, providing either the alcohol or ester. This
trend is also evident for the two sets of five-membered
heterocycles, the methyl pyrazoles (MePyr) and methylimi-
dadzoles (MeIm). The indoles (Ind), however, occupy a
unique area of diversity space with both the alcohols and esters
within close proximity when embedded in two-dimension. As
such, tSNE is a very efficient method of diverging similarity of
fragments that may have convergent 2D similarity.
Assessment of the physicochemical property profiles of these

fragments was achieved by calculating numerous physicochem-
ical properties and visualizing in Spotfire (Figure 2). Overall

these fragments exhibited good physicochemical properties
consistent with the desired overall fragment properties of the
AbbVie fragment collection, having relatively low lipophilicity
(average AlogP = 0.12) and high levels of saturation (average
Fsp3 = 0.47). Note that in general the molecular weight
(average MWt = 224.6) of these fragments is at the upper
acceptable range for fragments, reflecting the overall increased
chemical complexity of these pyrrolidines.
In order to profile the 3D character of these fragments, we

looked at two established methods of calculating and defining
shape.19,20 We employed both the normalized principal
moments of inertia (NPR1 and NPR2) and plane of best fit
(PBF) score to define the three-dimensionality of the
fragments. The sum of the NPRs (Σ NPR1 + NPR2) and
the PBF scores were calculated, as described by Firth et al.,
using AbbVie’s internal informatics platform and the data
visualized in Spotfire (Figure 3). Following the guidelines
suggested by Firth, 3D space is defined as Σ NPR1 + NPR2 ≥
1.07 and PBF score ≥ 0.6. Clearly, all but one of the fragments
occupies 3D space (top right quadrant) by virtue of these two
shape-based descriptors. As a comparison, we also calculated Σ
NPR1 + NPR2 and PBF scores for one of AbbVie’s fragment
libraries and overlaid the results with the library of 48
pyrrolidines (Figure 4). Clearly these pyrrolidine fragments sit
well within 3D space and occupy unique regions based
(prospectively) on the nature of the heteroaryl aldehydes,

facial selectivity of the 1,3-dipolar cycloaddition (endo vs exo),
and the final auxiliary cleavage, which delivers either the ester
or alcohol. In order to demonstrate the scope and extent of
vector coverage in 3D space for these pyrrolidines, we overlaid
the conformations of each of the pyrrolidines generated for
calculating PBF and PMI relative to the unsubstituted central
pyrrolidine scaffold (Figure 5).
Just considering the relative distribution of the carbonitrile

vector alone, there is considerable coverage in 3D space
relative to the common central pyrrolidine scaffold. In other
words, the combination of six aldehydes with acrylonitrile, in
the context of this metal-catalyzed asymmetric 1,3-dipolar
cycloaddition cascade, can generate an array of 48 unique
fragments that occupy, and thereby sample, unique regions of
molecular space, both from a shape and multiparametric
perspective. By developing chemistry, as described, which
generates stereochemically enriched fragments, it is possible to
synthesize arrays with divergent 3D similarity, despite
possessing convergent 2D similarity. This has implications
with respect to the added overall complexity of chemical space,
as current estimates do not take into consideration 3D, let
alone the multidimensional descriptors of chemical space.
Clearly in this regard, the more chiral centers one adds to a
fragment/scaffold, the greater the chemical complexity of the
space that chemical matter occupies. Whether designing
fragments with enhanced 3D molecular complexity improves
the probability of a binding event remains to be seen with

Figure 2. Physicochemical property distributions of the 48 fragments.

Figure 3. Plot of the sum of the normalized PMI versus PBF scores
for all 48 fragments. Enantiomeric pairs of two sets of regioisomers
derived from isonicotinaldehyde are highlighted. Fragments are
colored by the type of heteroaryl aldehyde used with the final
transformation into alcohol or ester distinguished by marker shape.

Figure 4. Plot of the sum of the normalized PMI versus PBF scores
for the pyrrolidines compared with an internal AbbVie fragment
library. Red circles are the 48 pyrrolidine fragments, and blue circles
are 4000 fragments from AbbVie’s collection.
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regard to the fragment screening campaigns at AbbVie. Note,
however, that Astex have shown that the 3D character of
fragments has an overall negative effect on the hit rates of their
fragment screens.21 By comparing the deviation from planarity
DFP descriptor (as a surrogate of 3D) distribution of the
fragment screening deck vs that of fragment hits, in all cases
the percentage of 3D hits was less than the original screening
deck. It is important to note though that although there was an
overall drop in the percentage of hits with high degrees of
DFP, for PPI targets over 10% of the fragment hits had a high
degree of 3D character (DFP > 0.5) with a DFP distribution
similar to the screening library. Clearly the right balance of
molecular complexity in both two- and three-dimensions for
fragments is very important with respect to designing fragment
libraries that efficiently sample chemical space.
In this Letter, we have demonstrated how the asymmetric

[C + NC + CC] cycloaddition reaction can be used to
generate enantiomerically pure pyrrolidine fragments with a
high degree of both saturation and shape (3D) diversity.
Coverage of 3D molecular and functional group space may be
expanded by varying the structures of the aldehyde (C) and
alkene (CC)16,17 components, as well as the chemical
transformation applied to the acyl sultam moiety (derived
from the NC component). The resulting methodology may be
used to add significant shape-based diversity to fragment
collections.
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