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Puckering the Planar Landscape of Fragments: Design and
Synthesis of a 3D Cyclobutane Fragment Library

David J. Hamilton,[a] Marieke Beemsterboer,[a] Caroline M. Carter,[a] Jasmina Elsayed,[a]

Rilana E. M. Huiberts,[a] Hanna F. Klein,[b] Peter O’Brien,[b] Iwan J. P. de Esch,[a] and
Maikel Wijtmans*[a]

Fragment-based drug discovery (FBDD) has a growing need for
unique screening libraries. The cyclobutane moiety was identi-
fied as an underrepresented yet attractive three-dimensional
(3D) scaffold. Synthetic strategies were developed via a key 3-
azido-cyclobutanone intermediate, giving potential access to a
range of functional groups with accessible growth vectors. A
focused set of 33 novel 3D cyclobutane fragments was
synthesised, comprising three functionalities: secondary amines,
amides, and sulfonamides. This library was designed using

Principal Component Analysis (PCA) and an expanded version
of the rule of three (RO3), followed by Principal Moment of
Inertia (PMI) analysis to achieve both chemical diversity and
high 3D character. Cis and trans ring isomers of library members
were generated to maximise the shape diversity obtained, while
limiting molecular complexity through avoiding enantiomers.
Property analyses of the cyclobutane library indicated that it
fares favourably against existing synthetic 3D fragment libraries
in terms of shape and physicochemical properties.

Introduction

Fragment-based drug discovery (FBDD) has matured into a
powerful approach to drug research. As of January 2022, six
FDA-approved drugs (Figure 1) and numerous clinical candi-
dates have emerged from FBDD efforts.[1–10] FBDD relies on
small molecules of mass up to approximately 300 gmol�1,
termed fragments. One key strength of FBDD is the superior
sampling of chemical space that is achieved through the use of
smaller molecules, particularly when compared to the larger
compounds of around 500 gmol�1 from high-throughput
screening (HTS). This allows FBDD to deploy smaller library sizes
of around 1000 members – a more accessible quantity for
academic groups and smaller biotech companies.[11,12] Another
key strength of FBDD is that it is agnostic of protein target,
meaning any protein class can in principle be targeted by
fragments. It has been shown that the low-complexity fragment
hits can be efficiently optimised into larger and more potent
leads, highlighting the utility of fragments as valuable starting
points in medicinal chemistry.[13,14]

The identification of appropriate fragment screening libra-
ries is key to the success of FBDD. Historically, fragment libraries
have been overwhelmingly populated by aromatic rings, as
shown by a recent analysis of fragment-protein crystal
structures,[15] giving rise to mostly two-dimensional (2D) frag-
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Figure 1. FDA-approved drugs developed by FBDD (as of January 2022).
Remnants of the original fragment hit(s) are highlighted in red (fragment
growing approaches) and blue (fragment linking/merging
approaches).[2–4,6,7,9,10]
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ments of low molecular complexity.[16] Lovering et al. demon-
strated that the proportion of sp3-hybridised carbon atoms
increases as compounds progress through the drug discovery
pipeline,[17,18] thereby suggesting that increased 3D character
may offer a reduced rate of candidate attrition. It has been
shown that 3D features of drug molecules can offer a wealth of
potential benefits compared to their 2D counterparts, such as
improved solubility,[19] superior metabolic stability,[20] as well as
in achieving selectivity amongst closely-related targets.[21] With-
in FBDD, in recent years there has been substantial interest in
the design and synthesis of 3D fragments.[22,23] While the higher
complexity of 3D fragments may reduce the chances of binding
to a protein target,[16] the current scarcity of 3D fragments in
screening collections might be a missed opportunity for FBDD.
Often a limiting factor in FBDD, one crucial feature of any
fragment hit is the ability to develop the molecule into a more
potent lead molecule through the use of accessible growth
vectors and associated chemistry.[24] This concept has been
coined fragment ‘sociability’.[25] We believe that this can be
achieved through the tailored synthesis of 3D fragments
possessing accessible growth vectors – specifically, with the
systematic control of regio- and stereo-chemical outcomes.[26]

Indeed, in recent years various synthetic strategies have been
deployed for the generation of 3D fragments,[26] producing
appreciable diversity in both shape and physicochemical
properties.[23]

In 2014, Taylor et al.[27] showed that of the ring systems
present in FDA-approved drugs, the phenyl ring dominates the
field, being almost ten times more prevalent than the second
most utilised unit (pyridine). Fragments that contain these
scaffolds have frequently been identified as hits and exploited
in a significant number of successful fragment-to-lead
campaigns.[28] Importantly, these two rings are planar 2D
structures which only offer growth within the plane of the ring.
Amongst saturated cycloalkanes, the cyclohexyl ring is the most
widespread, with cyclopentyl and cyclopropyl units also show-
ing popularity.[27,29] With far fewer entries, the cyclobutane ring
proves to be a heavily underrepresented unit in marketed drugs
and medicinal chemistry publications as a whole.[27,29] Indeed,
the cyclobutane ring only appears in ten FDA-approved drugs
according to a DrugBank search in January 2022.[30] This scarcity
may be attributed to 1) a lack of accessible synthetic methods
(the most common method of cyclobutane generation is [2+2]
photocycloadditions between olefins)[31] and 2) the perceived
instability of cyclobutanes (ring strain of 26 kcalmol�1) com-
pared to their homologues cyclopentane (6 kcalmol�1) and
cyclohexane (no ring strain).[32] Interestingly, upon inspection of
our own in-house library of approximately 1,500 fragments and
15,000 drug-like compounds, we found no examples in which a
cyclobutane ring is the central scaffold. Similarly, we have
shown that an isolated cyclobutane ring in synthetic 3D
fragment libraries, if present, is most commonly used as a
pendant aliphatic group or isostere of a geminal dimethyl unit
and virtually never as a central scaffold.[23] In general, the
strategy for cyclobutane inclusion in medicinal chemistry and
FBDD appears to be that chemists tend to put ‘a ring on a

molecule’ (as an aliphatic group), rather than ‘a ring in a
molecule’ (as part of the framework).

We believe that the cyclobutane motif offers several distinct
advantages as a scaffold for medicinal chemistry. A detailed
comparison between the cyclobutane ring and various cyclo-
aliphatic rings as well as 4-membered heterocycles revealed
that the cyclobutane ring compares favourably in terms of
physicochemical properties and metabolic stability.[33] Cyclo-
aliphatic rings can also serve as modest bioisosteric replace-
ments of the phenyl ring, with the cyclobutane ring boasting
improved physicochemical advantages over the cyclopentane
and cyclohexane rings, respectively.[34] Another attractive appli-
cation that the cyclobutane motif boasts is in the rigidification
of acyclic propyl chains, such as in the case of the histamine H3
receptor antagonists/inverse agonists[35] and retinoic acid-
related orphan receptor γt (RORγt) inverse agonists[36] – both
cases in which an improved affinity was achieved. Additionally,
the available carbocentric (carbon atom-based) growth vectors
from the cyclobutane ring, which provide access to different
molecular geometries, brand the motif particularly
‘sociable.’[25,37] Therefore, we postulated that it may be beneficial
to begin with cyclobutane fragments at the screening level.
Indeed, Osberger et al. recently disclosed their approach
encompassing the generation of all-syn cyclobutane-based
heterobicyclic fragments (Figure 2A).[38] In our efforts, we set out
to explore complementary chemistries to unlock the 3D cyclo-
butane fragment scaffold and yield both spatially- and chemi-
cally-diverse fragments to target unique chemical space for use
in FBDD. Herein, we describe the shape-guided computational
design and synthesis of an achiral yet diastereomerically-pure
focused 33-member cyclobutane fragment library.

Results and Discussion

Design of synthesis approach

We envisioned a synthetic strategy that allows for the
diversification of a common cyclobutane-based intermediate

Figure 2. A) General structure and features of cyclobutane fragments in the
recent literature[38] (left panel) compared to the approach in this work (right
panel). B) The general design strategy of the cyclobutane-based fragment
library, showing the accessible growth vectors.
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with access to multiple stereoisomers, either by a level of
diastereoselectivity and/or the possibility to separate stereo-
isomers. This diversification could be achieved through the
generation of bifunctional intermediates, such as those offered
by enone derivatives.[39] Enones are biselectrophiles, providing
the opportunity to incorporate vectors by addition of different
nucleophiles upon its alkene and ketone functionalities, with a
concomitant switch from sp2 to sp3 hybridisation. These
substitutions generate quaternary centres which may offer
benefits in medicinal chemistry and aid in accessing three-
dimensional chemical space.[17,40,41] In the specific case of cyclo-
butenones, such a strategy allows for symmetrisation of the
cyclobutane ring and the opportunity to access diastereoisom-
ers without generating enantiomers (Figure 2B), a common
complication associated with 3D fragment synthesis. That is, it
is commonplace for fragments to be produced as racemates,
albeit often as pure diastereomers. Molecular complexity is
lowered by circumventing enantiomers (in contrast to the case
of desymmetrisation of cyclobutanes),[42] a significant feature
relating back to the effect of higher complexity potentially
resulting in lower hit rates of fragment screening.[16] The
nucleophiles to be added can be diverse, yielding a strategy for
the synthesis of achiral yet diastereomeric fragments with a
cyclobutane core. These additions, together with the implicit
possibility to vary the 3-alkyl chain (R), equip us with method-
ology with which to derivatise at two carbon atoms, and thus
grow along three carbocentric vectors. This was shown by
Chessari et al.[37] to be an important feature in developing a
fragment so as to not lose, during growth, the strong hydrogen
bond interactions that drive binding events. Similarly, it is
important to keep fragments small, so as to facilitate additional
molecular mass during the fragment-to-lead process.

Proof-of-concept validation of synthesis route

As proof-of-concept of the general route design (Figure 2B), we
selected Nu1 to be an ammonia equivalent, and Nu2 as a
hydride anion equivalent. In order to avoid the instability of 3-
amino-cyclobutanones,[43] which are subject to ring-opening,
the azide group was used as surrogate to install the masked
amine functionality. Our route did lead to substantial safety
considerations: 1) small organic azides that violate the rule of
six[44] bear an explosion risk; 2) small electrophiles such as
cyclobutenones can be toxic, especially when of considerable
volatility. To address these risks, we selected the n-propyl chain
as R.

The route (Scheme 1) began with a reported thermal [2+2]
cycloaddition between 1-pentyne 1 and a ketene (made in situ
from Cl3CCOCl using a Zn�Cu couple) to yield dichlorocyclobu-
tenone 2.[45] This was followed by reductive dehalogenation
upon treatment with Zn in THF/satd. aq. NH4Cl

[46] to give
cyclobutenone 3. Biselectrophile 3 could undergo subsequent
nucleophilic additions on two positions. In the exemplified
route, we focused on Michael addition of the N3

� anion using
NaN3 with aq. HCl in DCM to afford highly versatile azido-
ketone intermediate 4. Though examples of Michael additions

to 3-unsubstituted cyclobutenones and their activated iminium
analogues are known,[47] to the best of our knowledge, we
report here the first example of azide addition to a cyclo-
butenone. The ketone group of 4 was reduced using NaBH4 in
EtOH to yield the cyclobutanol 5, giving rise to a mixture of cis/
trans ring isomers in a ratio of ca. 7 : 3 respectively, as observed
by 1H NMR analysis of the crude material. A preliminary
screening of additional reducing agents and conditions was
conducted (with the n-butyl analogue of 4) in order to obtain a
greater diastereoselectivity (Table S1, Supporting Information),
however NaBH4 was deemed optimal in balancing yield and d. r.
This observation of significant cis-diastereoselectivity is in
alignment with literature precedent on the reduction of 3-
substituted cyclobutanones,[48] postulated to proceed via the
lower energy TScis as a result of the cyclobutanone ring
puckering to decrease torsional strain arising from eclipsed
interactions, favouring an antifacial attack upon the carbonyl
group. The mixture of diastereomers 5 was then subjected to
PhCOCl to produce the benzoate esters of each ring isomer (6
and 7), which contain a UV-chromophore, boast increased
lipophilicity to ease purification and are separable by flash
chromatography. The azide moiety in individual diastereomers
6 and 7 was then reduced using Pd/C/H2, providing both the cis
and trans isomers of aminobenzoates 8 and 9 which serve as
common intermediates for library enumeration.

Design, synthesis and properties of the library

With aminobenzoates 8 and 9 at hand for diversification, the
stage was set for computer-aided design of a concise fragment
library. In an analysis by Giordanetto et al.[15] which compared
the features of fragment hits within the protein data bank (PDB)

Scheme 1. Synthetic route of common intermediates for library enumera-
tion. Conditions: a) Cl3CCOCl (2.0 eq), Zn�Cu (3.0 eq), Et2O, 10–15 °C, 3 h,
~41%. b) Zn (4.0 eq), THF:satd. aq. NH4Cl 7 :3, rt, 1 h, ~86%. c) NaN3 (3.0 eq),
37% aq. HCl (2.0 eq), Et3N (1.0 eq), DCM, rt, 18 h, ~61%. d) NaBH4 (3.0 eq),
EtOH, 0 °C to rt, 2 h, 82% (d. r. 2 : 1 cis:trans from NMR analysis of crude
product). e) BzCl (1.2 eq), Et3N (1.3 eq), DMAP (1.0 eq), DCM, rt, 18 h: 63%
(cis, 6)+18% (trans, 7). f) H2, 5% wt Pd/C, MeOH, rt, 18 h, cis (8): 94%, trans
(9): 91%. Due to volatility and/or safety concerns, for steps a, b and c the
products were not isolated in neat form and yields are extrapolated from
molar ratios by NMR analysis.
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to larger ligands such as those arising from HTS or natural
product/biomimetics, it was noted that alcohol and amide
functionalities are the most attractive in terms of their capability
of acting as both a hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA). This dual role makes these groups
particularly valuable for interaction sampling during the screen-
ing process, as hydrogen bonds are often one of the most
robust binding anchors between protein residues and a
ligand.[15] Consequently, we chose to keep the secondary
alcohol intact for all of our fragments, and prioritised amide
fragments for enumeration. In order to increase the chemical
diversity of our library, we also included amines and sulfona-
mides in our design – both groups which can form hydrogen
bonds, as well as potential electrostatic charges upon
(de)protonation within an appropriately acidic or basic protein
environment, respectively, thus offering potential new interac-
tions.

The selection of compounds to be synthesised within the
three compound classes – amines, amides, and sulfonamides –
was made using the combinatorial library platform of Molecular
Operating Platform (MOE, version 2018, by Chemical Comput-
ing Group), using the amine intermediate (8 or 9) as one
defined reagent and performing in-silico coupling reactions.
This was carried out for both cis and trans isomers, in order to
maximise spatial diversity. The database used was the default
provided by Chemical Computing Group, merged with our in-
house database of reagents. For each of the six cyclobutanol
cores, we enumerated 50 potential fragments and selected
compounds to synthesise based on 1) fragment properties;
2) 3D shape as assessed by Principal Moment of Inertia (PMI)
analysis, the use of which[49] in selecting fragments for synthesis
was first proposed by O’Brien and co-workers.[50] The analysis
concerning fragment properties was conducted using the
software’s default Principal Component Analysis (PCA) to max-
imise diversity within the following parameters: number of H-
bond acceptors (a_acc); number of aromatic atoms (a_aro);
number of H-bond donor atoms (a_don); number of heavy
atoms (a_heavy); number of rotatable bonds (b_rotN); Log
Octanol/Water partition coefficient (SlogP); topological polar
surface area (TPSA) (Å2); and molecular weight (Weight). The
following descriptor filters were applied as guided by the ‘Rule
of three (RO3)[51]’: a_acc�3, a_don�3, a_heavy�19, b_rotN�
5, SlogP�3,TPSA�70 Å2, Weight<300 gmol�1, (number of
chiral centres) chiral=0. Concerning 3D shape analysis by PMI
analysis, it was proposed by Firth et al.[52] that a ΣNPR�1.07 is
deemed sufficiently off the rod-disk axis to be classified as 3D,
where ΣNPR is the sum value of the normalised PMI ratios (x-
and y-axis) of a given point. As such, we prioritised the virtual
structures with the greatest deviation from the rod-disk axis in
our selection. For each class, compounds were ranked using
ΣNPR values as a measure of three-dimensionality. A ΣNPR
value of �1.24 (well above the commonly used value of
1.07)[23,52] was chosen as a cut-off to ensure that only those
fragments with the highest three-dimensionality were selected
for synthesis while maintaining a focused library of modest size.
The workflow did not suggest any trans-sulfonamides that
satisfied the ΣNPR�1.24 cut-off. For the current study, we have

chosen to use an expanded version of the RO3, and allow both
an increased number of rotatable bonds (from three to five),
and an increased TPSA limit (from 60 to 70 Å2). The former is
due to the inherent number of rotatable bonds (3) present
within the common core of the fragment set as a result of the
selection of n-propyl as R for safety reasons (vide supra) and it
was therefore necessary to increase the limit to five to facilitate
diversification at the amine handle. The adjustment of TPSA
allows for increased chemical diversity in the case of the more
polar sulfonamides. Both of these parameters are in fact known
for being the more flexible parameters of those defined in the
preceding section.[23,53,54]

Scheme 2 shows the synthetic approaches toward the three
classes. Amine fragments 10–11 were synthesised via indirect
reductive amination[55] – first pre-forming the imine in dry
MeOH, followed by reduction with NaBH4. This step was done in
the absence of AcOH catalyst, as we found that its addition led
to substantial amounts of dialkylated product, likely due to the
highly nucleophilic nature of the cyclobutylamine moiety.
Amine synthesis was completed by ester hydrolysis. For 10a
and 11c, additional deprotection of the N-Boc group with TFA
was necessary. Amide fragments 12–13 were generated from
the corresponding acid chloride, prepared from the parent
carboxylic acid upon treatment with (COCl)2 or SOCl2, and
subsequent ester hydrolysis. Sulfonamide fragments 14 were
made using the corresponding sulfonyl chloride. Interestingly,
in the case of the sulfonamides, it was noted that subsequent
hydrolysis of the benzoate ester did not proceed with LiOH but
required NaOH.

In total, the cyclobutane library comprised 12 amines
(10a–g and 11a–e), 18 amides (12a–h and 13a–j), and three
sulfonamide fragments (14a–c), all novel and with defined
stereochemistry (Table 1). Our workflow produced one frag-

Scheme 2. Synthetic route for generation of designed cyclobutane frag-
ments. General conditions: a) i) RCHO (0.97 eq), MeOH, rt, 18 h. ii) NaBH4
(3.0 eq), 0 °C to rt, 1 h. iii) LiOH.H2O (4.0 eq), MeOH:THF 7 :3, rt, 1–2 h, 21–
63%. b) i) RCOCl (1.2 eq, from RCOOH and (COCl)2 or SOCl2), Et3N (1.2 eq),
DCM, 0 °C to rt, 18–44 h. ii) LiOH.H2O (4.0 eq), MeOH:THF 7 :3, rt, 1–2 h, 19–
65%. c) i) RSO2Cl (1.2 eq), Et3N (1.2 eq), DCM, 0 °C to rt. ii) NaOH (4.0 eq),
MeOH:THF 7 :3, rt, 1–2 h, 13–37%. For compounds 10a and 11c, an
additional step with TFA was performed for cleavage of the N-Boc group.
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ment (12d, as an E/Z-mixture) containing an α,β-unsaturated
ketone unit rendering it an electrophilic fragment with potential
to act as a Michael acceptor. This could serve as a covalent
fragment, alongside other well-known acrylamide warheads[56,57]

and our previously published cyclobutenaminone fragments,
which have been shown to exhibit covalent inhibition of
bacterial enzymes.[58] A PMI plot was generated for the
synthesised library set (Figure 3), with points labelled according
to their substituent geometry (cis= triangles; trans= squares)
and functional group (amine=blue; amide=green; sulfona-
mide= red). Interestingly, of the seven pairs of cis/trans

analogues amongst the collection (10a/11c, 10e/11d, 12a/
13a, 12b/13b, 12e/13d, 12f/13h, 12h/13g), there appears to
be a marginally higher ΣNPR value for the trans isomer, with
differences ranging from ΔΣNPR=0.00–0.05 (mean average
0.02). This may suggest that for an isolated cyclobutane ring,
1,3-trans-substitutions may be more likely to access more
spherical molecules compared to their 1,3-cis-counterparts,
albeit that the ΔΣNPR differences are minor. This observation
differs from that of Osberger et al,[38] in which the bicyclic 1,2,3-
trisubstituted all-syn cyclobutanes possess lower ΣNPR scores
compared to their corresponding 3-anti-epimers in PMI analysis.
Also in slight contrast, our workflow did not produce any trans-
sulfonamides. It is, however, conformation that defines molec-

ular shape, and these observations together highlight how
different approaches to the design of 3D fragments can often

Table 1. Synthesised cis/trans-cyclobutanol fragments, sorted according to functional group. (amines=blue; amides=green; sulfonamides= red).

Cis scaffold Trans scaffold

Compound 12d was isolated as a mixture of E/Z-isomers in a ratio of 3 :7.

Figure 3. PMI plot of the cyclobutane fragment library. Cis-isomers are
depicted as triangles and trans-isomers as squares. Points are coloured
according to functional group: amines (blue), amides (green) and sulfona-
mides (red). Grey points correspond to 897 fragments extracted from
25 recent publications according to the workflow described in a recent 3D
fragment analysis.[23]

ChemMedChem

ResearchArticle

doi.org/10.1002/cmdc.202200113

ChemMedChem 2022, 17, e202200113 (5 of 9) © 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH



be complementary. To understand how the cyclobutane library
compares to other synthetic 3D fragment collections in a
general sense, we overlaid 897 fragments (grey spots) extracted
from 25 recent publications that describe novel 3D fragment
libraries recently reviewed and analysed by us.[23] The cyclo-
butane library boasts a higher average ΣNPR value of 1.29,
compared to 1.20 for the literature fragments, although notably
this is by design in that only the highest ΣNPR-scoring
compounds were synthesised in our current study, resulting in
a narrower distribution of molecular shapes. Although fraction
sp3 (Fsp3), as defined by Yan and Gasteiger,[59] is not necessarily
a good measure of 3D shape,[50,52] this simple metric remains
widely used amongst the FBDD community and it is notable
that our cyclobutane library possesses an average Fsp3 value of
0.65 – substantially higher than the suggested cut-off of Fsp3�
0.45 for three-dimensionality.[60]

We calculated common physicochemical properties of our
library (Table S2 – Supporting Information). We expressed the
values as mean averages (Figure 4A) and generated a radar plot
to visualise their distribution – comparing this to the RO3

(Figure 4B,D). It can be seen that in terms of physicochemical
properties, the cyclobutane library largely mimics the distribu-
tion of properties described in the RO3, with the ranges (dark
grey) of most parameters not differing substantially from the
average value (blue line). There is substantial room for fragment
growth following a potential screening hit, with only 17.3 heavy
atoms on average per molecule.

Finally, we used nephelometry to determine kinetic solubil-
ity in buffer.[61,62] We subjected the compounds with the lowest
(11e), median (11a) and highest (diastereomers 12a and 13a)
cLogD values to this technique (Figure 4C). cLogD values were
used over cLogP values to account for ionisable groups in
aqueous buffer at pH 7.4. The results showed that the two
compounds with the highest cLogD value (2.82), 12a and 13a

(cis and trans diastereomers, respectively), produced no sign of
aggregation up to a concentration of at least 1.0 mM. This
suggests that these amides are highly soluble in aqueous
buffer, and do not suffer from precipitation issues at high
concentrations which are often required in FBDD screening
methods. Interestingly, the compounds with lower cLogD
values showed aggregation at still high yet slightly reduced
concentrations. That is, the median cLogD (1.85) compound
11a showed no aggregation up to 100 μM, and the lowest
cLogD (0.28) compound, 11e, performed well until 300 μM. This
observation may seem counterintuitive given their lower cLogD
values, but both being protonated amines (as opposed to the
neutral 12a and 13a) it is postulated that this effect could
result from their amphiphilic properties.

In all, different approaches to fragment design offer distinct
features, often complementing one another. Whilst fragment
libraries may differ in physicochemical properties, it is also
important to consider the shape diversity (vide supra), as well
as ensure that fragments can be developed should they arise as
a hit from a screening cascade – relating back to the concept of
fragment ‘sociability.’[25] It is our belief that the cyclobutane
library performs well in terms of physicochemical and 3D
properties, as well as possessing multiple accessible growth
vectors, thus producing attractive 3D fragments for FBDD
screening campaigns.

Conclusion

The cyclobutane moiety is underrepresented in FBDD, yet may
offer distinct advantages in terms of physicochemical proper-
ties, stereochemistry and growth vectors. We have developed a
proof-of-concept synthesis strategy for the generation of
diverse cyclobutane-based 3D fragments. The described
chemistry gives access to single diastereomers of cis and trans

1,3-substituted key intermediates, whilst avoiding chirality. We
have exemplified this approach through the construction of a
library of 33 novel fragments, based around a common 3-
propyl-3-azido-cyclobutanone intermediate, and achieved
chemical diversity through synthesis of three classes – amines,
amides and sulfonamides. Using PCA and PMI analyses to steer
our library design, both chemical as well as shape diversity was
achieved, with control over stereochemistry and two synthetic

Figure 4. Calculated and experimental properties of the cyclobutane frag-
ment library. (A) Calculated physicochemical properties, expressed as mean
averages, and the rule of three. (B and D) Radar plots showing the
distribution of properties of the cyclobutane library and of the rule of three.
The data were generated using MOE or PipeLine Pilot with the neutral
chemical species and values are given in Table S2 (Supporting Information).
Axes were scaled as follows:[23] cLogP: [�1.9;4.5], HAC: [7;27], HBA: [0;8], HBD:
[0;4], MW: [95;455 Da], nRot: [0;10], TPSA:[10;140 Å2]. Mean average is
depicted by the blue line. Ranges, defined by the minimum and maximum
values, are defined by the grey areas. The rule of three (accompanied by
HAC=20) is exemplified as the first entry to provide context for scale
interpretation. aHeavy atom count (HAC) has been included as an additional
useful metric. bcLogP was calculated as SLogP. cAn adjusted nRot count was
used in our work – see main text. (C) Nephelometry analysis of selected
fragments at increasing concentrations and of kaolin (control suspension) in
HBSS buffer containing 1% DMSO. Fragments tested comprise the ones with
the lowest cLogD (0.28, 11e), the median cLogD (1.85, 11a), and the highest
cLogD (2.82, diastereomers 12a and 13a). Data points represent the
mean�SD of values measured in triplo normalised to kaolin control.
Inflection points are qualitatively deemed to be a sign of aggregation – this
is quantified using 3 times the standard deviation of the average blank
measurements (see Figure S1, Supporting Information) and represents a cut-
off above which aggregation begins to occur.
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handles accessible for further elaboration. The shape and
physicochemical properties are overall well-behaved. Trans-
cyclobutane fragments were found to have marginally higher
ΣNPR scores compared to their cis-counterparts, albeit not
profound. Nephelometry measurements on selected members
suggest solubility up to concentrations of at least 100 μM, with
amides showing no signs of aggregation at 1.0 mM. To gauge
their utility in FBDD screening campaigns, we aim to test the
described cyclobutane fragments against a variety of biological
targets in due course.

Experimental Section

Computational Protocol

The selection of compounds to be synthesised was made using the
combinatorial library platform of Molecular Operating Platform
(MOE, version 2018, by Chemical Computing Group), using the
amine intermediate (8 or 9) as one defined reagent and coupling
with appropriate reagents. The database used was the default
provided by Chemical Computing Group, merged with our in-house
database of reagents. The analysis was conducted using the
software’s default Principal Component Analysis (PCA) to maximise
diversity within the following criteria: number of H-bond acceptors
(a_acc); number of aromatic atoms (a_aro); number of H-bond
donor atoms (a_don); number of heavy atoms (a_heavy); number of
rotatable bonds (b_rotN); Log Octanol/Water partition coefficient
(SlogP); topological polar surface area (TPSA) (Å2); and molecular
weight (Weight). The following descriptor filters were applied as
guided by the ‘Rule of three (RO3)[51]’: a_acc�3, a_don�3, a_
heavy�19, b_rotN�5, SlogP�3,TPSA�70 Å2, Weight<
300 gmol�1, chiral=0. Duplicates were then removed using a
unique entry filter, and a visual inspection was carried out upon the
remaining molecules in terms of what was deemed synthetically
feasible using the described route. For each functional group
interconversion, a Principal Moment of Inertia (PMI) analysis was
conducted using PipeLine Pilot 8.5.0.200 (2011, Accelrys Software
Inc.) for conformational analysis using the BEST method in Catalyst
using the Rel option (maximum 255 conformers per compound),
with a preceding wash step at pH=7.4.

Nephelometry Protocol

In transparent flat-bottom 96-well plates, compounds were placed
at different concentrations in triplo (10�3 M, 10�3.5 M, 10�4 M, 10�4.5

M, 10�5 M, 10�5.5 M and two blanks) in HBBS buffer with 1% DMSO
for 6 h before the measurement. A Kaolin dispersion was used as a
positive control[63] in each plate at different concentrations (10�4 M,
10�4.5 M, 10�5 M, 10�5.5 M, 10�6 M and 10�6.5 M) under the same
conditions as test compounds. Nephelometry measurements were
performed with a NEPHELO star Plus (BMG Labtech, Germany) with
the following settings: measurement interval time 1 s, laser
intensity 80%, beam focus 2.5 mm, Orbital shaking mode at
200 rpm for 10 s before measuring. Results were analysed using
GraphPad Prism 9 software, plotting all available data points and
plotting mean and standard deviation values in a line chart
compared to Kaolin control.

General Procedure A – Reductive Amination

To a solution of cis- or trans-amine 8 or 9 (1.0 eq) in dry MeOH
(0.30 M) containing a spatula of 3 Å molecular sieves at rt was

added the corresponding aldehyde (0.97 eq). The reaction mixture
was stirred for 18 h. The mixture was cooled to 0 °C before portion
wise addition of NaBH4 (3.0 eq). The mixture was stirred for 2 min.
The ice bath was removed and the reaction mixture was stirred for
a further 1 h. The volatiles were removed in vacuo and the residue
was partitioned between EtOAc and satd. aq. NaHCO3. The aqueous
phase was extracted with DCM containing 5% CF3CH2OH. The
combined organic layers were dried over anhydrous Na2SO4, filtered
and concentrated in vacuo. The crude product was used in the next
step without additional purification. To a solution of crude
benzoate ester in a 7 :3 vol mixture of THF :MeOH (0.050 M) was
added a suspension of LiOH.H2O (4.0 eq) in H2O (3.0 mL). The
mixture was stirred for 2 h at rt. The volatiles were removed in

vacuo and the residue was partitioned between EtOAc and satd. aq.
Na2CO3. The aqueous phase was extracted with DCM containing
5% CF3CH2OH. The combined organic layers were dried over
anhydrous Na2SO4, filtered and concentrated in vacuo. Purification
was conducted as specified to afford the cyclobutanol product.

General Procedure B – Amide Formation

To a solution of the corresponding carboxylic acid (1.70 mmol) in
DCM (0.30 M) containing a spatula of 3 Å molecular sieves was
added (COCl)2 (2.04 mmol) and one drop of DMF. The reaction
mixture was stirred at rt until the carboxylic acid was no longer
observed (reaction progress was monitored by quenching a sample
of reaction mixture with MeOH and conducting TLC analysis). The
mixture was filtered and the filtrate concentrated in vacuo to afford
the corresponding acid chloride, part of which was used directly in
the amide-forming reaction without further analysis. The acid
chloride (1.2 eq) and Et3N (1.2 eq) were added to a solution of cis-
or trans-amine 8 or 9 (1.0 eq) in DCM (0.30 M) containing a spatula
of 3 Å molecular sieves at 0 °C. The mixture was allowed to warm to
rt and stirred for the specified time. The mixture was filtered and
the filtrate was partitioned between EtOAc and satd. aq. Na2CO3.
The aqueous phase was extracted with DCM containing 5%
CF3CH2OH. The combined organic layers were dried over anhydrous
Na2SO4, filtered and concentrated in vacuo. The crude product was
used in the next step without additional purification. To a solution
of crude benzoate ester in a 7 :3 vol mixture of THF :MeOH
(0.050 M) was added a suspension of LiOH.H2O (4.0 eq) in H2O
(3.0 mL). The mixture was stirred for 2 h at rt. The volatiles were
removed in vacuo and the residue was partitioned between EtOAc
and satd. aq. Na2CO3. The aqueous phase was extracted with DCM
containing 5% CF3CH2OH. The combined organic layers were dried
over anhydrous Na2SO4, filtered and concentrated in vacuo.

Purification was conducted as specified to afford the cyclobutanol
product.

General Procedure C – Sulfonamide Formation

To a solution of cis- or trans-amine 8 or 9 (1.0 eq) in DCM (0.30 M)
containing a spatula of 3 Å molecular sieves at 0 °C was added the
corresponding sulfonyl chloride (1.2 eq) and Et3N (1.2 eq). The
reaction mixture was allowed to warm to rt and stirred for the
specified time. The mixture was filtered and the filtrate was
partitioned between EtOAc and satd. aq. Na2CO3 solution. The
aqueous phase was extracted with DCM containing 5% CF3CH2OH.
The combined organic layers were dried over anhydrous Na2SO4,
filtered and concentrated in vacuo. The crude product was used in
the next step without additional purification. To a solution of crude
benzoate ester in a 7 :3 vol mixture of THF :MeOH (0.050 M) was
added a suspension of LiOH.H2O (4.0 eq) in H2O (3.0 mL). The
mixture was stirred for 2 h at rt. The volatiles were removed in

vacuo and the residue was partitioned between EtOAc and satd. aq.
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Na2CO3. The aqueous phase was extracted with DCM containing
5% CF3CH2OH. The combined organic layers were dried over
anhydrous Na2SO4, filtered and concentrated in vacuo. Purification
was conducted as specified to afford the cyclobutanol product.
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