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Construction of a Shape-Diverse Fragment Set: Design, 

Synthesis and Screen against Aurora-A Kinase 
Rong Zhang,[a,b] Patrick J. McIntyre,[c] Patrick M. Collins,[d] Daniel J. Foley,[a,b] Christopher Arter,[a,b]  

Frank von Delft,[d,e,f] Richard Bayliss,[a,g],* Stuart Warriner[a,b],* and Adam Nelson[a,b],* 

Abstract: Historically, chemists have explored chemical space in a 
highly uneven and unsystematic manner. As an example, the shape 
diversity of existing fragment sets does not generally reflect that of 
all theoretically possible fragments.  To assess experimentally the 
added value of increased three dimensionality, a shape-diverse 
fragment set was designed and collated.  The set was assembled 
using both commercially-available fragments, and by harnessing 
unified synthetic approaches to sp3-rich molecular scaffolds. The 
resulting set of 80 fragments was highly three-dimensional, and its 
shape diversity was significantly enriched by twenty synthesised 
fragments.  The fragment set was screened by high-throughput 
protein crystallography against Aurora-A kinase, revealing four hits 
that targeted the binding site of allosteric regulators.  In the longer 
term, it is envisaged that the fragment set could be screened against 
a range of functionally-diverse proteins, allowing the added value of 
more shape-diverse screening collections to be more fully assessed. 

Introduction 

The highly uneven and unsystematic way in which chemists 
have explored chemical space historically[1] stems, in large part, 
from the narrow reaction toolkit that dominates bioactive small 
molecule discovery.[2]  As a result, medicinal chemists, have 
increased their attention on flatter and less polar small 
molecules.[3]  Yet, lead molecules and clinical candidates with a 
lower fraction of sp3-hybridised carbons (Fsp3) are less likely to 
be translated successfully into marketed drugs.[4] 

Within the fragment-based discovery community, the optimal 
shape diversity of fragment sets has been intensely debated.[5]  
Existing fragment sets are dominated by flatter (generally 
heteroaromatic) molecules,[5a] whose shape diversity is not 
representative of the fragments that are theoretically possible.[6]  

This low shape diversity has spurred the assembly of sets of 
fragments with high fractions of sp3-hybridised carbons.[5c-h]  It 
has been argued that the increased complexity of more three-
dimensional fragments will tend to lower hit rates because of the 
reduced likelihood[7] of complementing protein binding sites.[5a-b,8]  
On the other hand, such fragments may offer opportunities for 
elaboration along distinctive vectors.[5b]  In addition, the flat 
nature of many existing fragments has been suggested to be 
sub-optimal for some target classes including protein-protein 
interactions.[8]  There have, however, been few studies in which 
the effect of fragment three-dimensionality has been 
investigated experimentally.  In one study, the hits from 30 
fragment screens were analysed:[9] with a disparate range of 
target proteins, it was found that flatter fragments enjoyed 
significantly – but not dramatically – higher hit rates.   

In this paper, we describe the design and collation of a 
shape-diverse fragment set.  To complement commercially-
available fragments, we decided to harness four unified 
approaches that we have developed for the synthesis of diverse, 
novel and sp3-rich molecular scaffolds.[10-13]  As a preliminary 
assessment of this fragment set, we performed a fragment 
screen against Aurora-A kinase using high-throughput protein 
crystallography.  In the longer term, we envisage that the 
fragment set could be screened against many different target 
proteins, allowing the added value of more shape-diverse 
screening collections to be more fully assessed. 

Results and Discussion 

Design of a set of eighty shape-diverse fragments 
Initially, a set of eighty shape-diverse fragments was 

designed (Figure 1) based on both commercially-available 
fragments and compounds that would likely to accessible using 
our lead-oriented[14] synthetic approaches.  In total, four 
synthetic approaches were selected in which pairs of building 
blocks may be converted into diverse sp3-rich scaffolds: (1) Ir-
catalysed allylic amination and cyclisation; [10] (2) cyclisation of -
allyl -amino ester derivatives;[11] (3) cyclic sulfamidate ring-
opening and intramolecular Mitsunobu reaction; [12] and (4) cyclic 
sulfamidate ring-opening, Au-catalysed reaction and Ugi 
reaction.[13]  A total of 63 tangible scaffolds was designed that 
had been, or were related to those that had been, previously 
prepared.  Envisaged syntheses of some exemplar tangible 
scaffolds are summarised in Figure 2.  The tangible scaffolds 
were virtually decorated once or twice using a set of small 
capping groups (Supporting Information).  Following removal of 
compounds with undesired functionality (e.g. aldehydes or 
terminal alkenes), a virtual library of 66 814 compounds was 
obtained. 

The virtual compounds and the ZINC database[15] of 
commercially-available compounds were filtered for molecular 
size.  The heavy atom filter was selected to maximise the 
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represented tangible scaffolds in the virtual fragment set.  With a 
18-22 heavy atom range, all but one of the tangible scaffolds 
was represented in the virtual fragment set.  In contrast, 
significantly more tangible scaffolds were excluded with either a 
16-20 (3 excluded scaffolds) or a 20-24 (7 excluded scaffolds) 
heavy atom range.  At this stage, 100,000 of the filtered ZINC 
compounds were selected at random. 

To capture the shape diversity of the combined fragment 
sets, a set of reference shapes was generated using an 
established protocol.[16]  In brief, a representative conformer[17] 
was initially generated for each compound using CORINA.[18]  
Then, a randomly chosen fragment was selected to be the first 
reference shape, and its shape similarity to all other fragments 
assessed by maximising the overlapping volume of the overlaid 
molecules using ROCS.[19]  Shape-similar fragments (with shape 
Tanimoto > 0.8) were removed, and the most shape dissimilar 
fragment was selected as the second reference shape.  The 
process was repeated until no fragments remained, resulting in 
a set of 2,477 reference shapes. 

  

Figure 1. Overview of approach for the selection of eighty shape-diverse 
fragments.  A virtual library of 66 814 compounds was enumerated by 
decoration of tangible scaffolds (see Figure 2).  The resulting virtual 
compounds and the ZINC database of commercially-available compounds 
were filtered for molecular size, and a set of reference shapes was generated.  
After filtration for lipophilicity, a set of fragments was selected to maximise 
shape coverage and diversity and to include both virtual (20) and 
commercially-available (60) compounds. 

 

Figure 2. Exemplar envisaged syntheses of scaffolds from cyclisation 
precursors.  Reactions between pairs of building blocks would yield cyclisation 
precursors which would be cyclised to yield molecular scaffolds.  Underpinning 
synthetic approaches: Ir-catalysed allylic amination and cyclisation (Panel A); 
cyclisation of -allyl -amino ester derivatives (Panel B); cyclic sulfamidate 
ring-opening and intramolecular Mitsunobu reaction (Panel C); and cyclic 
sulfamidate ring-opening, Au-catalysed reaction and Ugi reaction (Panel D). 

The shapes of the fragments were then described in terms of 
the set of reference shapes.[16]  After maximising the volume of 
overlap using ROCS, fragments were considered to be similar to 
each reference shape if the shape Tanimoto was greater than 
0.7.  The shape of each fragment could then be captured in a 
2,477-bit binary fingerprint in which individual bits were set to 1 
for the similar reference shapes. 
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Figure 3. Shape diversity and molecular properties of fragment sets.  Panels 
A and B: PMI plot (Panel A) and molecular properties (Panel B) of the set of 
8,653 virtual fragments (blue) and 67,148 ZINC fragments (grey) that had 
been filtered for molecular size (18 ≤ HA ≤ 22) and lipophilicity (1 < AlogP < 
3). Panels C and D: PMI plot (Panel C) and molecular properties (Panel D) of 
the designed fragment set of 20 synthesised (blue) and the 60 purchased 
(grey) fragments.  Fragment hits that were identified by high-throughput 
protein crystallography are highlighted (black circle). 

A set of eighty shape-diverse fragments was then selected from 
the combined fragment set (Figure 3, Panels A and B) that had 
additionally been filtered for lipophilicity (1 < AlogP < 3).  The 
objectives were: (1) to select fragments from both sets (with, 
ideally, 20 fragments to be synthesised, and 60 to be 
purchased); (2) to maximise the number of reference shapes 
covered (i.e. that were similar to at least one selected fragment); 
and (3) to maximise the shape diversity of the selected 
fragments (by pairwise comparison of their shape fingerprints [16]).  
A simulated annealing protocol[20] was used to select the 
fragment set.  In brief, eighty fragments were initially chosen at 
random, and the fit to the three objectives was captured in terms 
of a desirability score.  Some of the fragments within the chosen 
set were then replaced at random – initially up to 30% of the 
fragments, but fewer fragments at later stages – and a new 
desirability score calculated.  If a better desirability score was 
obtained, then the revised set became the new chosen set of 
fragments; otherwise, to enable local minima to be escaped, the 
probability of the new set being chosen was determined by a 
switch probability.  The process was completed until a fragment 
set with an optimised desirability score was obtained. 
 
Acquisition of a shape-diverse fragment set 
During the course of our investigation, it became apparent that a 
few of the selected fragments would be difficult to obtain.  First, 
we encountered some synthetic problems that were difficult to 
solve (see below); and second, some of the ZINC compounds 
were difficult to obtain in practice from commercial suppliers.  At 
three points, therefore, the designed fragment set was revised: 
fragments that had already been obtained were retained, but the 
other fragments were revised to optimise the desirability score of 



    

 
 
 
 
 

the new set.  This pragmatic approach enabled us to secure a shape-diverse fragment set that met our three objectives. 

       

Figure 4. Structures of the building blocks used. 



    

 
 
 
 
 

 
Scheme 1. Synthesis of scaffolds from pairs of building blocks. Methods: A: Et3N, CH2Cl2; B: NaOtBu, toluene, 100 ºC;  C: TBTU, Et3N, CH2Cl2; D: (a) TFA, 
CH2Cl2; (b) CsCO3, DMF, 120-160 ºC; E: NaBH(OAc)3, THF, 45 ºC; F: 10 mol% Pd(PPh3)4, Et3N, MeCN, w, 125 ºC; G: NaH, DMF; H: 5 mol% Au(PPh3)Cl, 5 
mol% AgSbF6, dioxane, 100 ºC; I: (a) TFA, CH2Cl2; (b) RNC, EtOH; J: 1 mol% Au(IPr)Cl, 1 mol% AgSbF6, dioxaneH2O, ; K: EtOH,; L: NH4 HCO2, Pd(OH)2/C, 
EtOH, 70 ºC; M: PPh3, DEAD, THF.  [a] Yield over 2 steps from the corresponding -amino -aryl acid.  [b] The diastereomeric product was also isolated in 19% 
yield.  IPr, 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene. 

 



    

 
 
 
 
 

The required scaffolds were prepared from pairs of building 
blocks (Figure 4 and Scheme 1) in two stages: the pairs of 
building blocks were initially combined to yield a cyclisation 
precursor which was then cyclised (often via an intermediate) to 
yield a scaffold. 

Five scaffolds were prepared by cyclisation of -allyl -
amino ester precursors (Scheme 1).[11]  The ureas 9, 11 and 13 
were prepared by reaction between an -allyl -amino ester 1 
and an isocyanate 2; base-mediated cyclisation then gave the 
hydantoins 10, 12 and 14.  Alternatively, acylation of the -allyl 
-amino ester 1d gave the amide 15 which was Boc-deprotected 
and cyclised to give the diketopiperazine 16.  Finally, 
intramolecular Heck reaction of the o-bromobenzyl-substituted 
-amino ester 17, prepared by reductive amination, gave the 
benzo-fused azepane 18. 

Ten further scaffolds were prepared using Ugi reactions 
(Scheme 1).[13]  The required cyclisation precursors (19, 22, 25 
and 28) were generally prepared by ring-opening of a cyclic 
sulfamidate 6 with a propargylic sulfonamide 5.  The outcome of 
the reaction of these cyclisation precursors with 5 mol% 
Au(PPh3)Cl and 5 mol% AgSbF6 in dioxane at 100 ºC depended 
on substitution.[13a]  Thus, with the terminal alkynes, 19, 22 and 
25, the Boc-protected amine cyclised onto promixal alkyne 
carbon to yield the corresponding tetrahydropyrazines 20, 23 
and 26.  In contrast, the 1,2-disubstituted alkyne 28 underwent 
hydration at the remote alkyne carbon to yield the open-chain -
keto amine derivative 29.  The related -keto amine derivative 
31 was also prepared by conjugate addition of the amine 8 to 
the enone 7.[13b]  After Boc protection, the tetrahydropyrazines 

20, 23 and 26 and the -keto amine derivatives 29 and 31 were 
all competent substrates in Ugi reactions: subsequent reaction 
with an isocyanide in ethanol to yielded either substituted 2-
piperazinyl carboxamides (21a-c, 24a-c and 27) or 2-(1,4-
diazepanyl) carboxamides (30a-b or 32).  Notably, with the chiral 
tetrahydropyrazines 23 and 26, the corresponding Ugi reaction 
products were obtained, like related examples,[13b] with high 
diastereoselectivity. 

The synthesis of the piperazine 34 (Scheme 1) emphasised 
some of the shortcomings of a lead-oriented synthesis of diverse 
saturated nitrgoen heterocycles.[12]  First, treatment of the 
sulfonamide 5c with sodium hydride, and reaction with the cyclic 
sulfamidate 6d, was poorly diastereoselective, presumably 
stemming from epimerisation by enolisation: the amino alcohol 
33 was nonetheless obtained in 25% yield.  However, the 
intramolecular Mitsunobu reaction of 33 was extremely poor, 
and the piperazine 34 was obtained in just 8% yield.  Related 
syntheses of similarly substituted piperazines have also been 
disappointing.[12]  This lead-oriented approach was not, therefore, 
ultimately exploited in fragment syntheses.  Finally, Ir-catalysed 
amination[10] was also not ultimately exploited.  The required Ir-
catalysed substitutions of allylic carbonates with amine buiding 
blocks were either low yielding or were poorly regioselective.  
For example, with azetidine as nucleophile, the unwanted 
terminal regioisomer was obtained predominantly.  In these 
cases, to ensure that a shape-diverse fragment set was 
assembled, the targeted fragments were revised (see above). 

 

 

  



    

 
 
 
 
 

Table 1. Synthesis of fragments. 

Entry Scaffold Method[a (Yield)] Fragment 

1 10 A (49%), B (68%) 

 

2 12 A (7%), C (87%) 

 

3 14 A (71%), C (>98%) 

4 16 D,C (23%), E 
(60%) 

 

5 18 F (46%), D (49%)[b] 

 

6 21a H,C (98%), B 
(78%) 

 

7 21a H,C,B (24%) 

 

8 21a H,I,B (18%) 

 

9 21b J (41%), H (91%) 

 

10 21b H,J,B (43%) 

 

11 21c H,J (16%), B 
(61%) 

 

12 24a H,C (62%), B 
(>98%), E (84%) 

 

13 24b H,I,B (19%) 

 

14 24b H,J,B (26%) 

 

15 24c B (52%), J (54%), 
H (18%) 

 

16 24c B (52%), C (14%), 
H (59%) 

 



    

 
 
 
 
 

17 27 B (53%), J (51%), 
H (89%) 

 

18 32 K (36%), B (82%) 

 

19 30a B (34%), C (64%), 
H (68%) 

 

20 30b H (98%), J (78%), 
B (27%) 

 

[a] Typical methods (see Supporting Information): A: O3, CH2Cl2, 40 or 78 
ºC; B: NaBH4, MeOH; C: amine, aldehyde or ketone, NaBH(OAc)3; D: (a) 
NMO, 1 mol% K2OsO4”H2O; (b) NaIO4, MeOHH2O; E: TFA, CH2Cl2; F: (a) 
NaOH, DMF, 120 ºC; (b) RNH2, TBTU, Et3N, DMF; G: NaBH(OAc)3; H: PhSH, 
K2CO3, MeCN; I: RSO2Cl, CH2Cl2; J: acid chloride or isocyanate, Et3N, DMAP, 
CH2Cl2; K: formaldehyde, Zn, AcOH, dioxane-H2O.  [b] The product existed 
predominantly (>98%) in the ring-closed form. 

The synthesis of the 20 fragments that contributed to the 
final shape-diverse fragment set is summarised in Table 1.  In 
most cases, it was initially necessary to unmask functionality in 
the starting scaffold, for example by deprotection or by oxidative 
alkene cleavage.  Four different reactions were exploited in 
decoration steps: reductive amination, sulfonylation, acylation, 
and urea formation.  The synthesis of 13 of the fragments was 
influenced by the propensity of trifluoroacetylated Ugi products 

to undergo based-catalysed hydantoin formation:[13b] to minimise 
this undesired reaction pathway, trifluoroacetylated -amino 
esters were deprotected by treatment with sodium borohydride 
in methanol. 

The shapes and molecular properties of the compounds in 
the final fragment set are presented in Figure 3 (Panels C and 
D).  The fragment set is significantly more three-dimensional 
than typical commercial fragment sets,[5a] with only two of the 
eighty fragments lying close to the rod-disk axis of the PMI plot 
(Panel C).  Fragment sets with distinctive three dimensionality 
have previously also already been designed through judicious 
selection of commercially-available compounds.[5]   

The shape diversity of our fragment set is significantly 
enriched by the 20 synthesised fragments which are more three-
dimensional, and are thus complementary to, the 60 purchased 
fragments (Figure 3, Panel C).  We note that, whilst the 20 
synthesised and 60 purchased fragments have a similar mean 
number of rings ( = 2.4 and 2.2 respectively), the synthesised 
fragments generally have fewer aromatic rings ( = 0.6 
compared with  = 1.5 for the purchased compounds).  The 
synthesised fragments are generally based on saturated 
nitrogen heterocycles that bear at least two carbon-based 
substituents.  We note that all of the synthesised fragments have 
at least one stereogenic centre ( = 1.3 compared with  = 0.6 
for the purchased fragments), and many bear small (3- or 4-
membered) cyclic substituents ( = 0.8 compared with  = 0.1 
for the purchased compounds).  These features were 
presumably important to complement the shape diversity of 
commercially available fragments.  

 
Screen of the designed fragment set against Aurora-A 
kinase 

The shape-diverse fragment set was screened against 
Aurora-A kinase by high-throughput protein X-ray 
crystallography.  Aurora-A kinase regulates mitotic spindle 
assembly by reversible phosphorylation of microtubule-
associated proteins, and is a promising target for anticancer 
therapy.[21]  Protein crystals were soaked with the 80 individual 
fragments,[22] picked and then subjected to automated X-ray 
diffraction.  Fragment hits were identified through detection of 
additional electron density,[23] and inspection of the polar 
interactions with the protein. 
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Figure 5.   Hits from fragment screen against Aurora-A kinase.  Panels A:  Direct and through-water polar interactions (black) between protein residues and the 
fragment hit 39.  Panels B-D:  Polar interactions (black) between protein residues and fragment hits (55, Panel B; 56, Panel C; 57, Panel D) in the context of the 
fragment hit 39 (grey).  Panel E: Structures of the fragment hits. 



    

 
 
 
 
 

  



    

 
 
 
 
 

The fragment screen revealed four hits: the synthesised 
fragment 39, and the purchased fragments 55-57.  The 

representative conformers of these four hits are very shape-
diverse (Figure 3, Panel C). The fragments all bound in a pocket 
that is critical for the interaction with TPX2, a microtubule-
associated protein that activates Aurora-A (Figure 5).[24]  This 
pocket, which is equivalent to the PIF pocket of PDK1, has been 
targeted by allosteric inhibitors of Aurora-A: the small molecule 
AurkinA, and a single domain antibody VNAR-D03.[25] The 
pocket also dominated the hits obtained from a crystallography-
based screen of a commercial fragment library.[26] The 
synthesised fragment hit 39 made three polar interactions: direct 

interactions with K166 and R179 and a unique water-mediated 
interaction with Y199 (Panel A).  In contrast, the three 
purchased fragments each made one direct interaction with the 
protein: with R179 (hit 55) or Y199 (hits 56 and 57).  Notably, the 
phenyl ring of 55 and the benzo-fused ring of 39 had a common 

binding mode that suggests how the fragments might 
subsequently be merged.  We determined the dose-dependent 
inhibition of Aurora-A kinase by the fragment 39 (IC50: ~8 mM) 

(Supporting Information).  
To investigate 39 as a starting point for ligand discovery, we 

prepared and evaluated by protein crystallography some 
analogues in which the benzo-fused ring, the cyclopropyl 
substituent and/or the iso-propyl substituent had been modified 
(Supporting Information).  The fragment hit 39 was also 

identified by throughput X-ray crystallography (see above for 
details of the screen of the original 80 shape-diverse fragments). 
Gratifyingly, the binding mode of the exemplar analogue 58 was 
extremely similar to that of the original fragment hit 39 (Figure 6). 

 

A 

 

 
Figure 6. Follow-up to the fragment hit 39.  Panel A: Interaction between the 
analogue 58 and Aurora-A kinase.  Panel B: Structure of the exemplar 
analogue 58 that also interacted with Aurora-A kinase. 

Conclusions 

We have designed and assembled a set of 80 shape-diverse 
fragments.  The fragment set was highly distinctive from most 
existing sets: in particular, it was highly three-dimensional, with 
just two fragments close to the rod-disk axis of a PMI plot.  The 
shape diversity of the set was enriched by the 20 synthesised 
fragments that were, on average, significantly more three-
dimensional than the purchased fragments. 

Our fragment set will be a useful resource for assessing 
experimentally the added value of high shape diversity.  Indeed, 
we specifically chose to assemble a fragment set (rather than, 
for example, a set of shape-diverse lead-like compounds) to 
maximise the efficiency of coverage of the possible shape space.  
We have already performed a fragment screen against Aurora-A 
kinase by high-throughput protein crystallography: the screen 
revealed four hits that targeted the binding site of allosteric 
regulators of the enzyme.   The shape-diverse fragments are 
available to the scientific community for screening at XChem, 
Diamond’s high-throughput crystallography facility. The added 
value of the fragments will only be captured following the 
completion of fragment screens against a broad range of 
functionally-diverse proteins.   
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