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Introduction

High-throughput screening (HTS)[1] is still seen by
many in the pharmaceutical industry as the optimal
way to discover new chemical hits for both new and
previously explored pharmaceutical targets. A funda-
mental concern in this lead-generation approach is
the high initial hit rates that are often observed, re-
sulting from many compounds that act through un-
desired mechanisms. These include compounds that
are either nonselective,[2] reactive,[3] or that interfere
with the assay technology through either poor solu-
bility[4] or aggregation.[5] These compounds can often
mask the true actives of the screen and should there-
fore be removed from the screening collection.[6] The
addition of new, high-value compounds that do not
possess such liabilities should be a high priority for
pharmaceutical companies involved in lead genera-
tion using HTS techniques.[7]

Observations from the analysis of early HTS cam-
paigns resulted in the concept of lead-like compounds.[8] Cur-
rent reviews[9] as well as our own in-house analysis have
shown that many early, unfiltered libraries were biased towards
compounds of high molecular weight, with many examples
being synthesised that lie outside Lipinski’s criteria for oral ab-
sorption,[10] and that contain functional groups with metabolic
and chemical instability issues. A recent analysis of marketed
oral drugs[11] has shown that the majority of oral drugs are
within very well-defined ranges of molecular weight (340–
360 Da on average) and lipophilicity (Clog P 2.3–2.7).[12] Intui-
tively, lead-like libraries should therefore have their own well-
defined physical properties, as it is generally accepted that
during the lead-optimisation phase of a project, the molecular
weight of the initial lead is seldom decreased (Figure 1). As a
consequence, hard cutoffs based on molecular weight (450 Da,
with 90 % of the library being <400 Da) and calculated lipo-

philicity (Clog P<4 and >�1) have been applied to our lead-
generation compound libraries.

Results and Discussion

Over the past several years, AstraZeneca has been involved in
a company collection enhancement (CCE) programme with the
aim to increase both the size, and more importantly, the quali-

A practical and pragmatic method is demonstrated that aligns
lead-like properties with compound diversity for the picking of
compounds to synthesise from large virtual libraries. Methods
are highlighted for decreasing synthetic attrition through the
prior filtration of reagents sets grouped by reaction type. Also
disclosed are protocols that use a combination of predicted
physicochemical parameters and potential toxicological liabili-
ties to enable the synthesis of lead-like compounds with a low

potential risk of exhibiting toxicity or undesirable physico-
chemical properties. Lastly, a compound-picking process for a
2D compound matrix is demonstrated that maximises the di-
versity coverage whilst minimising synthetic effort. Thus a very
highly optimised process is shown that delivers premium
sample quality where lead-likeness and novelty are aligned to
afford the best possible enhancement for the corporate com-
pound collection.

Figure 1. The evolution of the lead-like library based on molecular weight consideration.
Also shown is a molecular weight profile of a fragment library as well as the profile of
early non-drug-like libraries, the optimisation of which to fit the molecular weight profile
of oral drugs remains challenging.
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ty of the corporate compound collection to serve as a bank for
HTS. Key to this process has been the establishment of defini-
tions for our lead-like profile and the development of robustACHTUNGTRENNUNGlibrary design tools to enable an optimal selection of com-
pounds for synthesis from large virtual libraries. The selected
targets are chosen to exclude unwanted functionality and
structural features whilst maintaining core and lead-like physi-
cal properties for all molecules synthesised.

There are many reports that deal with the design and crea-
tion of entire compound collections,[13] but that is beyond the
scope of this article. Throughout the remainder of this paper,
our concepts and ideas are illustrated with an actual example
from our recent library work to show the progress of a single
library for the collection through all the stages, from initial
idea generation to commitment to library synthesis. Para-
mount to our compound diversity thinking is the design and
synthesis of novel drug-like scaffolds as well as the establish-
ment of new multi-component reactions to enable library syn-
thesis of lead-like compounds from readily available reagents.

Analysis of ideas for novelty

The incorporation of novel chemical structures into the corpo-
rate compound bank is one of the main driving forces behind
this initiative. Primary sources of this novelty come from a
combination of identification of new commercial building
blocks, ideas presented in the literature, and chemists’ intu-
ition.[14]

There have been many recent examples of the incorporation
of spirocyclic bis-amine ring systems into novel pharmaceutical
compounds.[15] The benefits of these relatively rigid, low-molec-
ular-weight scaffolds include the orientation of substituents at-
tached at the two nitrogen atoms in a well-defined three-di-
mensional manner. A virtual enumeration for all possible spiro-
cyclic ring systems was employed in which the total number
of heavy atoms (limited to carbon and two nitrogen atoms)
was chosen to be >7 but <11, with a related imposed con-
straint that the minimum ring size was to be four atoms and
the maximum ring size was to be six atoms. This resulted in 21
possible spirocyclic ring systems (Figure 2) after the removal of
potentially unstable aminals.

A search was run in which the frequency of these substruc-
tures was examined in published patents, limiting the search
to exemplified compounds (Figure 3). Interestingly, the spiro-ACHTUNGTRENNUNGcyclic bis-amines that are well exemplified within patents are
those that show availability from commercial suppliers; how-ACHTUNGTRENNUNGever, the potentially more interesting examples are most prob-
ably less represented due to their perceived synthetic com-
plexity and their lack of “on the shelf” availability.

From the analysis it became apparent that the spirocyclic
azetidines were the least represented class of compounds, and
so we focused our synthetic effort within this area. We chose
compound 20 as our key target based on a combination of its
potential to be a piperazine mimic,[16] its achiralilty, and relative
scarcity in published examples.

Our first synthesis of the spirocyclic bis-azetidine ring system
20 has already been described.[17] For library synthesis, we

ACHTUNGTRENNUNGrequired a differentially protected bis-azetidine in multi-gram
quantities. We developed a large-scale synthesis by modifica-
tion of our earlier procedure (Scheme 1).

The azetidine chloroester 1[18] underwent hydrogenolysis in
the presence of di-tert-butyldicarbonate to give the Boc-pro-
tected azetidine 2. Selective reduction with sodium boro-ACHTUNGTRENNUNGhydride/calcium chloride[19] gave the alcohol 3, which wasACHTUNGTRENNUNGoxidised under Swern[20] conditions to the aldehyde 4. Imine

Figure 2. Spirocyclic diamines considered as potential bifunctional scaffolds.

Figure 3. Frequency within patents of various spirocyclic bis-amines.

Scheme 1. Synthesis of the differentially protected bis-azetidine. Reagents
and conditions : a) 10 % Pd/C, EtOAc, Boc2O; b) CaCl2, NaBH4, EtOH, 20 8C;
c) (COCl)2, Et3N, DMSO, CH2Cl2, �78 8C!RT; d) 1. PhCH2NH2, toluene/MeOH,
2. NaBH4, 3. DMF(aq), 110 8C.
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formation with benzylamine followed by reduction gave the
amine, which was cyclised by heating to form the desiredACHTUNGTRENNUNGselectively diprotected compound 5.

Reagent filtering

Having established the synthesis of the scaffold, a supply ofACHTUNGTRENNUNGreagents is required to decorate the scaffold to produce the li-
brary. While theoretically enumerating a library with all con-
ceivable reagents and then selecting from the products is the
ideal situation, this is impractical for production, where there
are constraints on the number and availability of reagents. For
this reason we use the AstraZeneca in-house reagent inventory
and a database of available reagents from major commercial
suppliers (ACD). We mine and process the databases in a regu-
lar and automated fashion.

In processing the reagents, the first criteria used are availa-
bility and price. Subsequent to this, the reagents are separated
out by reagent class, and then further subdivided according to
reaction type. In this way all reagents are filtered to remove
undesirable chemical features as well as those that are incom-
patible to the proposed chemical transformation. To remove
undesirable chemical features, physical property filters are ap-
plied, and the reagents are enumerated by a simple capping
reaction (e.g. methylation or acetylation). The resulting struc-
tures are filtered through the corporate standard compound
filters (which reject certain additional reactive functionalities,
for example, aldehydes from amide coupling reactions) to
remove unsuitable or toxicologically active groups, before the
original reagent is regenerated (Scheme 2).

The output at this stage may be further filtered before
saving, for example, to separate out primary and secondary
amines or chiral reagents. Each of these files thus gives the
chemist an excellent starting point from which to build chemi-
cal libraries, and removes much of the need to track back to
reagent data once the final library has been produced
(Table 1).

Compound filtering

Once a complete library is enumerated,[21] another extensive
array of filters are applied to the resulting structures in two
separate processes. The first of these takes the set of com-
pounds that would never be produced, and annotates and dis-
cards these from the process. The second stage analyses the
remaining compounds for those most desirable to make and
presents that selection to the chemist. In a normal reaction,
there is also a pool of compounds available that, while perfect-
ly acceptable to the chemist, are not the ideal selected set.
These can be mined later, should changes to the reagent set
become necessary.

The first stage of this process is to apply a series of filters to
the compounds based on calculated and predicted physical
properties. Compounds are passed through all the filters in
parallel, and the final results are combined. While it may be
computationally more expedient to run the quicker filters first,
removing most compounds before the more computationally
expensive runs are conducted, this technique presents the end
user with a list of all of the failings of a particular compound,
and should it later become necessary to re-include some com-
pounds into the design from the filters, then all the data have
been calculated with which to make that decision. The exact
nature of the filters run can also be fine-tuned as part of the
process to adapt to changes in design. The first stage of this
process is to generate the canonical tautomer of the com-
pound through the company’s in-house standardisation rules.
After this, the filters applied include simple physical property
filters ; a molecular weight of 450 Da is the maximum tolerated,

Scheme 2. Schematic representing reagent filtering by reaction type.

Table 1. Filtering the reagent database into core sets of reagents based
on a selection of core reaction types.

Reactant Type Reaction Class Subsets Created

Alkyl Amines Reductive Amination
Amide Coupling
Sulfonamide Formation
Alkylation
SnAr Displacement

Primary/Secondary/All

Aryl Amines Sulfonamide Formation
Amide Formation
Buchwald Chemistry

Primary/Secondary/All

Acids Acyl Sulfonamides
Amide Formation

Sulfonyl Chlorides Sulfonamide Formation

Alkylating Agents Alkylation
Epoxide Ring Opening

Reactive Heterocycles
Alkylating Agents

Alcohols and Thiols Alkylation
SnAr Displacement

Alcohols/Thiols

Aldehydes Reductive Amination

Ketones Reductive Amination Chiral
Cyclic/Acyclic
Symmetrical
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along with a calculated log P range of �1.0 to 4.0. Compounds
are subjected to an exact match search against the corporate
compound collection, and any matching compounds from the
virtual library are flagged and removed. A cluster analysis
(using our in-house-developed fingerprint tools, with a Tanimo-
to radius of 0.2) is carried out on all structures in the current
screening collection, and virtual compounds with any near
neighbours to those already represented are removed from
the library at this stage. If a library is to be targeted at a specif-
ic bioactive molecule, then the Tanimoto clustering can be re-
laxed to increase the number of close analogues to be syn-
thesised within the defined cluster. The most complex calcula-
tions carried out on the compounds are profiling for predicted
solubility, genotoxicity (against an AMES dataset), suspected
hERG activity, and reactive metabolite formation liability
(Figure 4). If a compound is predicted to have liabilities in

more than one of the categories of solubility, hERG activity, or
genotoxicity, then it is removed from further consideration.

Alongside this filtering method, a ranking process is also car-
ried out. While a hard cutoff value in a physical property de-
scriptor is necessary, it is, by definition, very arbitrary in nature.
Where there are several steps, compounds with values just
over the threshold for the previous criterion are treated equally
with compounds just under the threshold for the following cri-
teria—and this may not always lead to a good property distri-
bution. For this reason, a sliding scale is applied to all numeri-
cal descriptors computed for the compounds, including polar
surface area and counts of donors and acceptors that are not
used in the first-stage filtering process. The relative weight of
each descriptor can also be varied, and a summation of these
values is taken as a “consensus risk” for each compound in the
library. In this analysis, the properties of the virtual compounds
are calculated, and a risk score is attached to each parameter.
For example, if a compound has up to three hydrogen bond
donors, then we see little risk within the compound (risk
score = 0) ; however, if it has more than five hydrogen bond
donors, then we deem this parameter as being potentially
high risk (risk score = 3). The consensus risk score of each com-
pound is then calculated taking into account all the calculated
physical parameters shown (Figure 5). In this way, no com-
pounds are synthesised which have a consensus risk score of
>6, and as a consequence, we believe that we maintain a very

high level in the quality of the compounds selected for synthe-
sis that may not have been present with hard cutoff values
alone.

Should a library be targeting a compound with known toxi-
cology issues, such as cytochromes P450, then additional filters
can be added to the process at this stage. Compounds that
pass all of these filters are saved into the pool from which the
actual library can be picked. A visual report is given to the
chemist at this stage, profiling the distribution of all of the cal-
culated properties both inside the library and for those com-
pounds that failed, along with the reasons for failure. This in-
formation has proved invaluable in selecting the next round of
building blocks to complete the library design.

For the compound library based around the spirocyclic bis-
azetidine (Scheme 3), the N�H azetidine 6 could be allowed to

react with a range of aldehydes to afford N-alkylated azetidines
7. Deprotection followed by acylation with an array of carbox-
ylic acids gave a library of bis-azetidines 9.

From the AstraZeneca Charnwood in-house reagent stock,
there were 3681 carboxylic acids and 768 aldehydes available.
These were further filtered by the methods described to 592

Figure 4. Flowchart that illustrates the process for evaluating and picking
compounds. The number of near neighbours (n) can be varied to reflect li-
brary type (i.e. diversity or hit exploitation).

Figure 5. Consensus risk analysis for virtual compounds within the library.
Consensus risk score is the sum of the individual elements scored according
to the above criteria.

Scheme 3. Synthetic proposal for library based on the bis-azetidine scaffold.
Reagents and conditions : a) R1CHO, NaBH ACHTUNGTRENNUNG(OCOCH3)3, NMP; b) TFA, CH2Cl2, RT;
c) R2CO2H, HATU, NMP, Et3N.
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carboxylic acids and 204 aldehydes—reagents in which we
would have a high degree of confidence for the delivery of
final compounds. Further refinement of these sets to include
only achiral reagents gave us final enumeration sets of 499 car-
boxylic acids and 201 aldehydes (a virtual library of 100 299
compounds). A total of 64 652 compounds from the virtualACHTUNGTRENNUNGlibrary passed through the initial enumeration, based on Mr<

450 Da and Clog P<4.5 cutoffs. To increase compound quality,
these properties were further constrained to only synthesise
compounds with Mr<400 and Clog P<4 (Figure 6). This result-
ed in 12 837 possible compounds worthy of synthesis by pass-
ing all filters.

Whilst the spirocyclic bis-azetidine may well function as a pi-
perazine mimic, a potential liability of this substitution is the
observed increase in basicity between the piperazine and bis-
azetidine analogues (Figure 7). This increase may well lead to

an increase in hERG activity relative to the corresponding pi-
perazine analogues, and indeed ~33 % of the virtual library
was predicted to have a high probability of hERG activity.
Whilst this predicted toxicological issue was a major reason for
attrition in the filtering process, removal of these compounds
can only enhance the overall quality of the eventual library
committed to synthesis.

The next stage of the process is to determine the minimum
number of compounds required to give maximum coverage of
possible diversity space for the library.

Selection of compounds from the library

Diversity is probably the most overused and misunderstood
tool in the gamut of computational chemistry. While “diversity”
methodology is applied to compound selection, it is important
to remember that nothing can be diverse in itself, but needs a

point of reference against which to be considered. A far better
term to use in this context is that of coverage. The purpose of
this chemical initiative is to create compounds to enrich the
compound bank and ultimately provide a greater chance of
conducting a successful HTS campaign against an emerging
target, and therefore this must be the yardstick against which
the composition of each library must be judged. As the origi-
nal design will have been biased towards a target or chemistry
of interest, and all overlap with the existing compound bank
has already been removed, we need only care about selection
from inside the library itself. For the greatest chance of finding
and prosecuting an early-stage HTS hit, a cluster of ~10–15
compounds has been shown to have the best probability of
success.[22] Paradoxically, it has also been shown that nearest-
neighbour compounds are often inactive. There is a clear need
to balance these two criteria in any library selection. The use
of an in-house fingerprint to generate these clusters has led to
a replication of this study using internal data. A factor that
quickly became apparent is that if a whole-molecule pharma-
cophore-based descriptor is used (instead of an atomistic/con-
nectivity-based descriptor), then the clusters that form in struc-
tural space and pharmacophore space bear little resemblance
to one another. As a result of this work, the method chosen to
sample compounds was to annotate the compounds in theACHTUNGTRENNUNGlibrary according to the clusters of both these descriptors. Sin-
gleton clusters are given extra leeway and, where possible, are
assigned to the nearest cluster within a suitable extended Tani-
moto radius of their location (Figure 8).

A selection from the library should cover as much of the
cluster space in both pharmacophoric and structural space.
The first round of the selection should identify and select all of
the largest cluster centres for the synthesis set. Reagents are
then selected (and thus compounds) and added to the selec-

Figure 6. Evaluation of the virtual library, showing 12 837 compounds pass-
ing all the generic filters and hard Mr and Clog P cutoffs. The numbers refer
to the number of compounds failing each of the filters in parallel.

Figure 7. Measured pKa values of represented examples of the piperazine
and bis-azetidine analogues.

Figure 8. Cluster analysis of 12 837 compounds, showing excessive popula-
tion in certain clusters. Compounds depicted as “+” are cluster centres in
either metric. The pharmacophoric cluster number relates to those com-
pounds clustered using the pharmacophore-based descriptor, whereas the
structural cluster number relates to those clustered using the structural fin-
gerprint. The total number of virtual compounds selected is the combina-
tion from these two methods, thus we fully cover both pharmacophoric and
structural fingerprints within the design.
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tion to complete the best coverage of the clusters in the pool
of compounds. Where multiple choices in each cluster are pos-
sible, then the risk score of the compounds is consulted, and
the lowest-scoring compound (that with the least risk) is then
selected. This process is repeated until the desired number of
compounds has been selected. Use of this mechanism to
select compounds not only ensures that the “diversity” space
of a library is covered, but that the cluster membership of
compounds for hit finding is also enhanced, and that the least
risky compounds overall have been selected from the pool
(Figure 9). Genetic algorithms[23] and Pareto optimisation have

been applied to this task, and perform well where multiple
competing constraints in reagent space make the choice com-
plex. In all other situations a python script performs the clus-
ter-based selection.

To obtain maximal diversity coverage based on a combina-
tion of pharmacophore and structural fingerprint clustering
(Tanimoto distance 0.2), the above analysis shows that we
would need to synthesise only 4 % (518 compounds) of the
possible compounds from the virtual library (12 837 com-
pounds) that fulfilled all of our lead-like criteria based on a
combination of hard physicochemical cutoffs (Mr<400 Da,
Clog P<4) and filtering based on predicted toxicological and
physicochemical liabilities.

Selection of the cluster centres may seem to give the best
representation of the chemical space covered by the library,
but there are several drawbacks to using this method. The first
of these is that all of the clusters, including the singleton clus-
ters, are sampled. Although this does cover the maximum of
diversity space, it has been shown that singletons are not ideal
for ensuring that compound classes are recognised in a high-
throughput assay. For this, larger coverage of each cluster is
needed. The second drawback is that a library of this size
would need to be produced in a combinatorial fashion, and
the reagents needed to synthesise this selection is 165 R1 �
272 R2—the resulting matrix is sparse indeed: 518 compounds
from a possible 44 880, a 1 % reagent density from the square

case. A python script has been developed to perform a con-
strained selection from this matrix. This script takes the re-
agents used to construct the cluster centre of the largest clus-
ter in each dimension as a starting point. Reagents are then
added to the selection in turn according to which gives the
largest enhancement of cluster and compound coverage at
each stage, with the lowest-scoring products chosen in the
event of a tie. The resulting selection is shown in Figure 10. In

producing this result, constraints of 50 reagents in each dimen-
sion and ~1000 overall compounds were specified: the final
selection is 50 R1 � 47 R2, giving 1009 compounds from a possi-
ble 2350 (a 43 % reagent density). Although almost doubling
the overall number of compounds needed to cover the library
space, this results in a fivefold decrease (97 vs. 437) in the
number of reagents needed to produce the final library. This li-
brary covers 62 % of (non-singleton) structural cluster space,
though it represents 84 % of the compounds; it covers 81 % of
(non-singleton) pharmacophoric cluster space, while represent-
ing 99 % of the compounds. Overall cluster coverage is 65 %. In
pragmatic terms, this is considered to be an excellent compro-
mise in covering the space available to the library within a
readily achievable synthetic set.

Conclusions

A practical and pragmatic method has been illustrated that
aligns lead-like properties with compound diversity for large
virtual libraries. We have illustrated the processes established
within AstraZeneca to select compounds for synthesis based
on a combination of predicted physicochemical and toxicologi-
cal liabilities. Having filtered reagents sets available based on
reaction class has also greatly improved the efficiency of the
process by pre-filtering those reagents with incompatible func-
tional groups for a particular reaction class as well as those re-
agents that contain functional groups that derive non-lead-like
products. Finally, from the example shown, a potential virtual
library of 100 299 compounds was sequentially filtered to
remove compounds based on hard physicochemical cutoffs

Figure 9. 518 Selected compounds from the library to show compound cov-
erage in all clusters. Only the compounds from the cluster centres are
chosen for synthesis.

Figure 10. Final selection from the virtual library showing the final 1009
compounds selected for synthesis.
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and predicted liabilities to afford a core set of 12 837 (12.8 %)
possible compounds for synthesis. Diversity analysis, based on
a combination of pharmacophore and structural fingerprints
afforded a final design size of 518 compounds (0.5 % from orig-
inal design, or 4 % from the filtered design set) that covered
complete diversity space for the entire virtual library. In prac-
tice, this approach leads to a very sparse 2D matrix that will
have severe practical consequences when progressed into li-
brary production due to many reagents with multiple function-
al groups present. We have further shown, by constraining the
2D matrix with an in-house developed method, that we are
able to select a more densely populated 2D matrix that deliv-
ers excellent coverage of both the pharmacophore and struc-
tural space for the whole virtual library.

It is important to consider the advantage of each of the two
available picking processes that we have highlighted on a
cost–benefit model (Table 2). Whilst there are pros and cons to
each method, particularly dependent on the suitability of the
chemistry for two-step productions or otherwise, we believe it
is up to the chemist to determine, after careful consideration,
which method would best suit their immediate plans for any
given library.

The benefits of the approaches highlighted in this disclosure
are: the high expected delivery of final products due to the ini-
tial reagent filtering; only compounds that fulfill AstraZeneca
core lead-like criteria will be submitted for synthesis, and full
coverage of pharmacophore and structural diversity will be ac-
counted for in a relatively small sampling from the large virtual
library. Thus, we have shown a very highly optimised process
that delivers premium sample quality where lead-likeness and

novelty are aligned, affording the best possible enhancement
for the compound collection constrained within a pragmatical-
ly designed 2D matrix of library compounds. Finally, even
though we have demonstrated our approaches within the con-
strains of a 2D chemical matrix, the processes have been readi-
ly adapted to cover both 1D and 3D compound libraries with
additional multiple scaffolds.

Experimental Section

All reagents and solvents were obtained from commercial suppliers
and used without further purification. All reactions were carried
out under an inert N2 atmosphere unless otherwise noted. Silica
gel chromatography was performed using either glass columns
packed with silica gel (200–400 mesh, Aldrich Chemical) or pre-
packed silica gel cartridges (Biotage and ISCO). 1H and 13C NMR
spectra were obtained from either a 300 MHz (1H: 300 MHz, 13C:
75 MHz) or 400 MHz (1H: 400 MHz, 13C: 100 MHz) Varian Unity
Inova spectrometer. 1H and 13C NMR shifts (d) are given in ppm
and are measured relative to Me4Si as standard. All final com-
pounds were purified to >95 % purity as determined by LC–MS
analysis performed on an Agilent 1100 instrument; low-resolution
MS data were collected on a Hewlett–Packard HP 6890 or HP 5973
MSD mass spectrometer using ESI modes (positive or negative).

1-tert-Butyl-3-ethyl-3-(chloromethyl)azetidine-1,3-dicarboxylate
(2). tert-Butoxycarbonyl (Boc) anhydride (20.03 g, 85.41 mmol),
ethyl-1-benzyl-3-(chloromethyl)azetidine-3-carboxylate (22 g,
81.34 mmol), and palladium hydroxide on carbon (5.71 g,
2.03 mmol) were combined in EtOAc (450 mL), and the resulting
suspension was hydrogenated at 5 atm for 24 h. The reaction mix-
ture was filtered, washed through with EtOAc, and the solvents

Table 2. Pros (+) and cons (�) for each compound-picking method.

Criterion Picking Method 1
[165 R1�272 R2 ! 518 compound library]

Picking Method 2
[50 R1�47 R2 ! 1009 compound library]

Cost of
synthesis

+ Lower cost for reagents and fewer purification steps required;
� More reactants required

� Extra cost for synthesis, or expense at external company to
purchase compounds;
+ Fewer reactants required

Number of
compounds
delivered

+ Increased diversity in fewer compounds + More close analogues to establish SAR

Number of
compounds in
collection

+ Fewer examples for HTS screening, so can populate HTS with
more diverse compounds

+ Greater coverage for sub-setting HTS

Predicted
success rate

� Difficult to validate due to sparse 2D matrix + Increased chemical validation owing to fewer reagents used

Ease of
synthesis

� Cherry-picking required + More robust owing to fewer reagents

Suitability for
one-step
production

� More intermediates to synthesise + Fewer intermediates to synthesise

Suitability for
two-step
production

+ Fewer reactions required � More reactions required
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were removed under reduced pressure to afford 1-tert-butyl-3-
ethyl-3-(chloromethyl)azetidine-1,3-dicarboxylate (22.59 g, 100 %)
as a clear, colourless oil. GC–MS: purity = 91 %, base peak = 57, top
ion = 222; 1H NMR (400 MHz, CDCl3): d= 4.26 (q, J = 7.1 Hz, 2 H),
4.21 (d, J = 9.2 Hz, 2 H), 3.92 (s, 2 H), 3.84 (d, J = 9.0 Hz, 2 H), 1.45 (s,
9 H), 1.31 ppm (t, J = 7.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d=
170.99, 156.04, 80.15, 61.90, 47.06, 44.11, 28.27, 14.06 ppm.

tert-Butyl-3-(chloromethyl)-3-(hydroxymethyl)azetidine-1-car-
boxylate (3). Anhydrous powdered CaCl2 (15.57 g, 140.27 mmol)
was added to a stirred solution of 1-tert-butyl-3-ethyl 3-(chlorome-
thyl)azetidine-1,3-dicarboxylate (19.48 g, 70.14 mmol) in specially
dried EtOH (700 mL). After 15 min NaBH4 (10.61 g, 280.55 mmol)
was added, and the reaction was stirred for a further 2 h. TLC indi-
cated reaction completion, and K2CO3(aq) (2 m, 100 mL) was added,
and the mixture was stirred for a further 2 h. The EtOH was re-
moved under reduced pressure, and the aqueous suspension was
extracted with EtOAc. The organic phase was dried over MgSO4, fil-
tered, and evaporated to afford crude tert-butyl-3-(chloromethyl)-3-
(hydroxymethyl)azetidine-1-carboxylate (15.65 g, 66.40 mmol, 95 %)
as a white solid. GC–MS: purity = 97.1 %, base peak = 57, top ion =
235; 1H NMR (400 MHz, CDCl3): d= 3.85 (s, 2 H), 3.79 (s, 2 H), 3.72
(app q, J = 7.9 Hz, 4 H), 1.85 (s, 1 H), 1.44 ppm (s, 9 H); 13C NMR
(100 MHz, CDCl3): d= 156.40, 79.81, 64.04, 47.18, 39.98, 28.32 ppm.

tert-Butyl-3-(chloromethyl)-3-formylazetidine-1-carboxylate (4).
(COCl)2 (4.64 mL, 53.03 mmol) was added to a solution of DMSO
(4.52 mL, 63.64 mmol) under N2 in CH2Cl2 (125 mL) in a three-
necked flask at �70 8C over 5 min, and the mixture stirred for
45 min with venting. A solution of tert-butyl-3-(chloromethyl)-3-(hy-
droxymethyl)azetidine-1-carboxylate (5 g, 21.21 mmol) in CH2Cl2

(60 mL) was added over 15 min, and the resultant solution was
stirred for a further 30 min at �70 8C prior to the addition of Et3N
(11.83 mL, 84.85 mmol) dropwise over 15 min, maintaining a tem-
perature below �60 8C. After the addition of Et3N, the reaction was
stirred at �70 8C for 30 min and then allowed to warm to ambient
temperature over 2.5 h to afford a pale, creamy yellow suspension.
The reaction was quenched with NaOH (3.75 n, 30 mL) and diluted
further with saturated NaHCO3(aq) (100 mL). The organic layer was
collected, and the aqueous layer was re-extracted further with
CH2Cl2 (2 � 20 mL). The organic extracts were combined and
washed with 5 % KH2PO4(aq) (2 � 50 mL) and brine (1 � 30 mL) and
dried over Na2SO4. The solvents were removed under reduced
pressure to afford a yellow oil that was purified by flash silica chro-
matography (elution gradient: 10!50 % EtOAc in isohexane). Pure
fractions were evaporated to afford tert-butyl-3-(chloromethyl)-3-
formylazetidine-1-carboxylate (4.37 g, 88 %) as a colourless oil that
was used immediately in the following reaction. 1H NMR (400 MHz,
CDCl3): d= 9.82 (s, 1 H), 4.13 (d, J = 9.1 Hz, 2 H), 3.95 (s, 2 H), 3.86 (d,
J = 9.1 Hz, 2 H), 1.45 ppm (s, 9 H).

tert-Butyl-6-benzyl-2,6-diazaspiro ACHTUNGTRENNUNG[3.3]heptane-2-carboxylate (5).
Benzylamine (18.32 mL, 167.74 mmol) and tert-butyl-3-(chloro-
methyl)-3-formylazetidine-1-carboxylate (39.2 g, 167.74 mmol) were
combined in toluene/MeOH (3:1, 150 mL) and stirred for 20 min at
40 8C. The solvents were removed under reduced pressure, and the
resulting oil was evaporated with the same solvent mixture (3 �
100 mL). The imine was dissolved in MeOH (300 mL), cooled to
0 8C, and NaBH4 (7.77 g, 201.29 mmol) was added. The reaction
was stirred overnight and then quenched with aq NH3 (d =
0.880 kg L�1) and stirred for a further 2 h. Solvents were removed in
vacuo, and the resultant white solid was partitioned between
EtOAc (600 mL) and H2O (100 mL). The organic layer was isolated
and washed with 2 m K2CO3(aq) (2 � 50 mL), brine (1 � 50 mL), dried
over Na2SO4, filtered, and the solvents were removed under re-

duced pressure. The residue was dissolved in N,N-dimethylforma-
mide (DMF; 250 mL) and H2O (62.5 mL), and the mixture was
heated at 95 8C for 4 h. After this time, further H2O (60 mL) was
added, and the heating continued for a further 5 h. Further H2O
(25 mL) was added, and heating continued for a further 4 h, after
which time the reaction was cooled slightly and then solvents re-
moved under reduced pressure to afford a creamy white solid. The
product was partitioned between Et2O (500 mL) and 2 m K2CO3(aq)
(100 mL). The organic phase was separated and washed with fur-
ther 2 m K2CO3(aq) (2 � 50 mL), H2O (4 � 20 mL), brine (2 � 50 mL),
and dried over Na2SO4. The suspension was filtered, and solvents
were removed under reduced pressure to afford tert-butyl-6-
benzyl-2,6-diazaspiro ACHTUNGTRENNUNG[3.3]heptane-2-carboxylate (47.7 g, 97 %) as a
pale yellow oil. HPLC–MS: purity = 99.68 % at 220 nm, [M+H]+ m/z :
289 (calcd = 289.1916) (MultiMode+) ; 1H NMR (300 MHz, CDCl3):
d= 7.38–7.19 (m, 5 H), 3.99 (s, 4 H), 3.56 (s, 2 H), 3.32 (s, 4 H),
1.42 ppm (s, 9 H); 13C NMR (75 MHz, CDCl3): d= 156.09, 137.74,
128.43, 128.39, 127.15, 79.46, 64.26, 63.57, 33.44, 28.36 ppm.
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A Practical Method for Targeted
Library Design Balancing Lead-like
Properties with Diversity

Choosing the right compounds to syn-
thesise from large virtual combinatorial
libraries is a current challenge for the
pharmaceutical industry. Herein we de-
scribe a highly optimised method that

aligns lead-like properties with com-
pound diversity. The methods are illus-
trated by considering a two-dimensional
library based on the interesting spiro-ACHTUNGTRENNUNGcyclic bis-azetidine template.
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