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Biological

profiling of anti-HIV agents and

insights into CCR5 antagonist binding using in

silico techniques

Antonio Carrieri*® Violeta |. Pérez-Nueno'®, Alessandra Fano'®, Carlo Pistone®®

David W. Ritchie®, and Jordi Teixido!

Acquired Immune Deficiency Syndrome (AIDS) is responsible for
more than 31 million deaths, and many more people world-wide are
affected by the disease. Novel ligands capable of blocking virus-cell
fusion are emerging as promising candidate molecules towards HIV-1
infection because they promise to overcome the major drawbacks of
classical highly active antiretroviral (HAART) drugs. However, due to
the paucity of experimentally determined three-dimensional
information about the HIV-1 cell surface co-receptors, structure based
design continues to be hampered. Using computational techniques

Introduction

Chemokine receptors (CKRs), integral proteins belonging to the
G-protein coupled receptor (GPCR) family, are emerging as novel
and promising targets against the human immuno-deficiency virus
(HIV-1). In addition to their natural physiological roles, mediated
by chemokine binding, the importance of CKRs as anti-HIV
targets relies on the fact that CKRs are involved in the early steps
of viral entry into the cell. Blocking this interaction could
overcome the clinical limits of existing highly active anti-retroviral
drug therapies (HAARTS). It has been determined that a critical
first step of HIV infection involves fusion of the viral gp120 protein
with two particular CKRs, namely CCR5 and CXCR4, and the
CD4 co-receptor. |'! However, viral fusion is prevented when
chemokines are bound to the extracellular loops of the CKRs.
Hence potential candidates to block the disease might be
pseudo-peptides or other high molecular weight (MW) entities
which can mimic the natural chemokines or, perhaps preferably,
which can allosterically modulate the surface shapes of the CCR5

and CXCR4 receptors and hence block the interaction with gp120.

Several structurally diverse agents, pharmacologically defined
as CCR5 antagonists, have already been identified.? TAK-779 &
was the first relatively low MW nonpeptide compound found to be
capable of antagonizing binding of the RANTES (Regulated upon
Activation, Normal T cell Expressed and Secreted) CKR protein.
TAK-779 is effective at nanomolar concentrations and its binding
to CCR5 has been widely characterized and also interpreted at
the three-dimensional (3D) level.!* '3 Recently, the first HIV-1
entry blocker (Maraviroc®) was launched on the market by Pfizer
Inc.!®! However, its high molecular complexity, time-consuming
and costly synthetic route, together with low yields, seems to limit
wide clinical take-up of this and other related drugs. There is

based on comparative receptor structure modelling, advanced 3D-
QSAR, and protein-ligand docking, we present recent results which
define updated molecular requirements and determinants for efficient
binding of small molecule ligands to CCR5, a principal biological
target for HIV entry blockers. These results are compared with shape
and property based virtual screening results for commercially
available entry blockers, and will be valuable for predicting new HIV
entry-blocking leads.

therefore a need to develop new CCR5 antagonists with more
desirable pharmacological properties. We believe one way to
achieve this is to exploit knowledge of existing antagonists using
receptor-based and ligand-based in silico structural modeling and
chemoinformatic techniques. For this reason, we recently studied
a set of easy-to-make guanylhydrazone 7! and 4-hydroxy-
piperidine derivatives, 8! synthesized by Berlex Science (see
Chart 1), which have been shown to be functional CCR5
antagonists. The structures and biological data are reported in
Table 1.

This article defines some molecular requirements and
determinants for efficient binding of antagonists inhibitors to
CCR5. The study was carried out by: (i) performing chemometric
analyses of the biological activity profile of the Berlex data set by
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developing 3D-QSAR models able to support fresh
pharmacophore hypotheses for the rational selection and
prediction of potential new leads, (ii) upgrading a previously
published three-dimensional (3D) theoretical model of CCR5 and
docking selected highly active antagonists to construct a detailed
binding site map and hence obtain deeper insights into the 3D
determinants of CCR5 antagonist binding, (iii) building a CCR5
pharmacophore model using known high activity ligands, and (iv)
performing shape-based virtual screening (VS) using a database
of commercially available compounds to identify plausible novel
CCR5 antagonists with a view to selecting synthetically
accessible low MW candidates for further assay-based analysis.
Our results show that a plausible model of the binding mode of
known high affinity CCR5 antagonists can be successfully
achieved using chemometric information, and receptor-based and

ligand-based computational tools.
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Chart 1. Molecular structure of the two most active compounds from the
guanylhydrazone (38) and 4-hydroxy-piperidine (10h) family.

Table 1. Molecular structure and activity data for test and prediction set of
Berlex CCRS5 antagonists
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(a) Inhibition of 125I-labeled MIP-1u binding to human CCRS/CD4 transfected HEK-293
cell.
(b} Included in the prediction set.

Table 1. continued
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(a) Inhibition of 125I-labeled MIP-1u binding to human CCRS/CD4 transfected HEK-293
cell.
(b) Included in the prediction set.

Results and Discussion

Chemometric analyses of the biological activity profile of the
Berlex data set

Chemometric analyses of the biological activity profile of the
Berlex data set were performed by developing 3D-QSAR models
for the rational selection and prediction of potential new leads. In
order to do this, the antagonist activity of the Berlex dataset,
measured as inhibition of 125I-labeled MIP-1a binding to human
CCRS5/CD4 transfected HEK-293 cells (See Table 1), was first
related to GRID independent descriptors (GRINDs) ! in order to
produce statistical models with which to investigate the molecular
determinants of function. GRINDs were obtained by a quick and
automated procedure involving: (i) calculating the molecular
interaction fields (MIFs) induced by selected probe atoms on a 3D
grid, (ii) filtering the MIFs in order to extract the most salient
chemical information regarding the receptor binding site, and (iii)
encoding the spatial relationship within the binding site nodes into
new independent 3D variables.

Principal Component Analysis (PCA) was then carried out
with MIFs calculated for hydrophobic (DRY), hydrogen bond
acceptor (O), hydrogen bond donor (N1), and molecular shape
atom probes (TIP), each of which models one aspect of the
receptor-ligand interaction, and which together discriminate



between the pharmacological and structural components of the
interaction. The first two components of the PCA (PC1 and PC2)
were able to explain 33.04% and 25.11% of the variance,
respectively. As can be seen in the PCA scores plot in Figure 1,
compounds were mostly distinguished correctly according to
activity by PC1, with high activity compounds appearing in the
right hand quadrant and low actives in the left, and with the most
potent ones clustered in the lower part of the plot. Additionally,
PC2 generally groups the actives according to their nature and
even chemical functional groups, whereby smaller and less
hindered molecules which lack charged heterocyclic rings occupy
the upper quadrant, and where bulkier ligands with saturated and
basic rings are placed in the lower quadrant.

PC2

most active

PC1

Figure 1. PCA scores plot: amine derivatives are represented by filled diamonds,

and hydrazones by empty circles. The most active compounds are mainly

placed towards the bottom right, whereas low activity compounds are on the left.

The PCA results show that the GRINDs for this compound set
provide a reliable way to understand and interpret the biological
data. Hence these descriptors were subsequently used in a
Partial Least Squares (PLS) analysis using a training set of sixty
derivatives. Additionally, eight molecules selected by PCA as the
most descriptive antagonists were used to further validate the
model predictively. It can be seen from the figures reported in
Table 2 that good PLS statistics were obtained, with the
percentage of explained variance being almost 90%. Similarly,
the g cross-validated correlation coefficients in both the Leave-
one-out and Leave-two-out regression models, as well as using
five random groups of compounds in the cross-validation
procedure, are well above 0.3 which corresponds to a low
probability of chance correlation (i.e. p<5%). To further validate
the analysis, the antagonist activity data was shuffled and the
PLS was repeated six times. In each case the g2 values were
less than zero, indicating the risk of obtaining false positive
models by chance is very low.

Table 2. Statistical results of PLS analysis for Berlex test set
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[a] Correlation coefficient. [b] Cross validated correlation coefficients: [b4]
Leave-two-out [b,] Leave-one-out [bs] Five random groups. [c] Standard error
of the calculation. [d] Optimal number of component according to the
crossvalidation results.

The quality of the PLS analysis may be also appreciated from the
plot of experimental vs predicted data reported in Figure 2, in
which no significant outliers are observed, and also from the
validation set whose data were predicted with an average
absolute error of 0.14.

Figure 2. Plot of experimental vs predicted data from the non cross-validated
model. Filled circles and empty triangles represent test and validation sets
respectively.

Further insights into the 3D-QSAR results were gained by
considering the signs and magnitudes of the PLS coefficients
(see Figure 3) to determine which chemical descriptors are most
responsible for antagonist activity. This analysis indicates that the
MIFs measured at certain grid nodes and distances with the O-
TIP, TIP-TIP, and O-N1 probes have the greatest impact on
antagonist potency.
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Figure 3. Bar plot of the PLS coefficient for the Berlex test set. Variables
mentioned in the text are highlighted.

More specifically, the PLS variables in this study were numbered
according to the distances between interacting nodes of a given
type using a two-digit variable number (this can be converted to A
distances by multiplying it by the grid spacing and smoothing
window, which were 0.5A and 0.8 A, respectively). Using this
scheme, the variables O-TIP 21 and TIP-TIP 32, 47, and 50
showed the largest coefficients and hence these pharmacophoric
moieties are likely to be present in the most active CCR5
antagonists and absent in the least active. Besides these
variables, the variables O-N1 30 and O-TIP 31 also emerged as
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relevant. These results suggest that certain appropriately spaced
structural elements such as convex molecular surfaces and/or
polar functional groups are pivotal for this class of HIV-1 entry
blocker, and that achieving an optimal geometrical correlation
between them could provide an important way to enhance
biological activity.

Figure 4 shows graphical representations of the above variables
displayed for the two most active compounds from the
guanylhydrazone family, 38 (plCso = 7.03), and from the 4-
hydroxy-piperidine family, 10h (pICso = 7.96). It can be seen that
the most important regions of the MIFs and their corresponding
PLS variables are located around the antagonist scaffold in a kind
of “L” shape, which is reminiscent of the binding mode calculated
previously for known entry blockers,!'®! with a first horizontal
segment rich in charged and polar groups, and with a second
vertical segment which is mostly hydrophobic.

Figure 4. Grid filtered MIFs for high activity compounds 38 (top) and 10h
(bottom). The most significant PLS variables O-TIP, O-N1, and TIP-TIP are
represented by red, cyan, and yellow lines, respectively.

Interestingly, two pharmacophoric elements which are shared by
both classes of compound and separated by about 18.8-20.0 A
may be identified at the rounded boundaries of the vertical leg of
the “L”, and these match the para halogen atoms of the diaryl
moiety. Perhaps not surprisingly, the SAR results for molecules
with longer distances between these points or with bulkier
substituents on the aromatic rings generally show significantly
lower activities. Additionally, for the guanilhydrazones, the MIFs
measures with O-N1 and O-TIP probes mentioned above
identified a third polar region around the charged guanidinium
group at a short distance (~12.4 A) from the previously mentioned
features. On the other hand, for the 4-hydroxy-piperidines, the
presence of longer substituents (i.e. phenyl urea groups) in this
region of the scaffold enhances the CCR5 antagonist activity, as
might be perceived for favourable MIFs measured with the TIP
probes at longer (20.0 A) distance. The pharmacophoric model
for the piperidines also shows the same overall features as
described above. However, the piperidines characteristically
exhibit a further favourable interaction region with polar probes at
the upper face of the molecular skeleton, which distinguishes
these two classes of antagonist (see Figure 4).

Overall, the above chemometric results indicate that new
candidate CCRS5 antagonists should have a relatively inflexible “L”
shaped scaffold with polar features similar to those of the above
two high affinity Berlex hydroxypiperidine and guanylhydrazone
derivatives.

CCRS5 antagonist binding mode analysis

A previously published three-dimensional (3D) theoretical model
of CCR5 " was upgraded and some highly active antagonists
were selected and docked into the CCR5 extra-cellular pocket in
order to construct a detailed binding site map (see Experimental
Section). This showed a recognition pattern similar to the 3D-
QSAR analyses and gave favorably binding energies in the
modelled complexes with binding modes consistent with the one
we found for TAK-779 in a previous modeling study ['?. In these
models, the most hydrophobic tail of both 38 and 10h is deeply
buried within the CCR5 transmembrane cavity which is mainly
made up of non-polar residues, with the two aromatic rings
making extensive n-t stacking aromatic interactions with Tyr108,
Phe112 and Phe113. However, our models exhibit some different
interactions involving the remaining parts of those ligands. For
example, the guanidinium head of 38 makes a charge transfer
complex with the aromatic ring of Tyr108 and an extensive
hydrogen bonding network with Thr105, Ser180 and Glu283,
while this latter residue is involved with the urea group in the
binding of 10h which fills an empty cleft delimited by Tyr37 and
Met287 (see Figure 5). These binding models are corroborated
by the site-directed mutagenesis (SMD) results of Dragic et al.
which show that all of the above mentioned residues are essential
for antagonist binding. Hence, docking results obtained are
consistent with the above chemometric analyses showing that
new candidate CCR5 antagonists should have a relatively
inflexible “L” shaped scaffold with polar features. The binding
modes found for the high affinity Berlex hydroxypiperidine and
guanylhydrazone ligands are consistent with the grid filtered MIF
results obtained, and show the same kinds of interaction with the
CCRS5 binding pocket.



Figure 5. Calculated docking poses for 38 (top) and 10h (bottom) in the model-
built CCR5 extracellular cavity. The Flo+ binding energies are -40.39 and -30.12
kcal/mol, respectively.

Ligand-based pharmacophore modelling

Pharmacophore models were generated with MOE ['?! and
retrospective analyses were performed in order to select models
which achieved an optimal balance between sensitivity and
specificity. Several models were proposed (Table 3). Model 1 was
built with MOE Pharmacophore Elucidate module and using TAK-
220 " as the query. Model 2 was built with MOE Pharmacophore
Elucidate module and using TAK-779 as the query. Features in
Models 3 and 4 were selected from the consensus analysis
performed with MOE Pharmacophore Query module of the most
active compounds of the AMD3100 derivatives [ ! SCH
derivatives,! "1 1,3 4-trisubstituted pyrrolidinepiperidines, [ ¢!
diketopiperazines, "' and TAK-779 derivatives. ['® Features in
Model 5 were selected from the consensus analysis performed
with MOE Pharmacophore Query module of the most active
compounds belonging to families AMD3100 derivatives, SCH
derivatives, 1,3,4-trisubstituted pyrrolidinepiperidines, diketo-
piperazines, TAK-779 derivatives, 4-piperidines, ' 1-phenyl-1,3-

propanodiamines, %1 4-aminopiperidines, [?'! phenylcyclo-

hexilamines, ¥ and N,N-diphenylureas. ' Model 6 was built
with MOE Pharmacophore Elucidate module and by constructing
the query from the most active compounds belonging to the
AMD3100 derivatives, SCH derivatives, 1,3,4-trisubstituted
pyrrolidinepiperidines, diketopiper-azines, TAK-779 derivatives, 4-
piperidines, 1-phenyl-1,3-propanodiamines, 4-aminopiperidines,
phenylcyclohexil-amines and N,N’-diphenylureas.

The retrospective analysis of the models showed that
pharmacophore Model 1 (Figure 6) was the most selective with
our dataset, identifying 36 false positives and 89 false negatives.
It can be seen that the indispensable features found for CCR5
inhibitors coincide with the ones found by the 3D-QSAR and
binding mode interactions results. The O-TIP and O-N1 horizontal
segment and the vertical hydrophobic segment found in the MIFs
analysis are also present in the pharmacophore model (one
horizontal segment with an hydrogen bond acceptor feature
shown in blue and an hydrogen bond donor feature shown in
purple, and one vertical segment with an hydrophobic feature
shown in green). This model classified and ranked accurately the
known actives and inactive compounds in the dataset. Visual
inspection of the hit list of actives in the retrospective analysis
showed that the ranking of each compound depended on the
model and type of compound. Figure 7 shows the diversity
scaffold retrieval analysis obtained with Model 1 at 1%, 5% and
7,6 % of the screened database. It should be noted that because
MOE does not give the score of the compounds that do not match
the pharmacophore query, the hit analysis can only be performed
for the first 7.6 % of the screened database.

Table 3. Validation parameters for different proposed pharmacophore
models in a retrospective analysis

Model 1 2 3 4 5 6
AP 332 332 332 332 332 332
D" 3650 3650 3650 3650 3650 3650
H.“ 243 231 173 273 275 261
H @ 279 256 192 440 501 414
Fp 36 25 19 167 226 153
FN @ 89 101 159 59 57 71
EF 958 992 991 6.82  6.03 6.93
Y (%)™ 87 90 90 62 55 63
A(%)" 73 70 52 82 83 79
GHI 083 084 080 064 058 0.64

[[a] The number of active compounds in the database (A). [b] The total
number of compounds in the database (D). [c] Active compounds in the hit
list (Ha). [d] Total number of compounds in a search hit list (Ht). [e] Number
of false positives found (FP). [f] Number of false negatives found (FN). [g]
Enrichment (enhancement) factor (EF). [h] Percent yield of actives (Y). [i]
Percent ratio of the actives in the hit list. [] Goodness of Hit list (GH).




Figure 6. Alignment of the most active hit fitted in the pharmacophore query for
Model 1. The feature shown in green is Hyd (hydrophobic), the feature shown in
purple is Don (hydrogen bond donor), and the feature shown in blue is Acc
(hydrogen bond acceptor).
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Figure 7. Diversity scaffold retrieval analysis obtained with Model 1 at 1%, 5%
and 7,6 % of the screened database.

Shape matching-based virtual screening

As a final test for our hypothesis, shape-based VS was carried
out. First, a shape-based inspection was performed in order to
analyze the similarity between the docked conformation of TAK-
779 from a previous study """ and the conformations of 10h
obtained here from docking and from the 3D-QSAR analysis.
Figure 8 shows that these three molecular shapes occupy similar
molecular volumes. Hence these three shapes were used as
queries for shape-based VS.

Cmpd10h shape from
3D-QSAR

TAK779 shape docked
onto CCR5 model

Cmpd10h shape docked
onto CCR5 model

Figure 8. Comparison of molecular shapes of the TAK-779 with 4-hydroxy-
piperidine (compound 10h) in both its docked and 3D QSAR conformations.

Shape-based VS was carried out on the Berlex dataset using
receiver-operator-characteristic (ROC) 2 plot and enrichment plot
analyses using a variety of ligand-based screening tools. The
area under the curve (AUC) of each ROC plot and the enrichment
factor (EF) obtained from the enrichment plot were used to
provide an objective measure of the ability of each approach to
recognize known actives with similar shape to a given active
query molecule. In order to avoid potential bias of the VS results
due to large differences in basic properties, the 69 Berlex
compounds were mixed with 3388 drug-like decoys from the
Maybridge Screening Collection 1 which had 1D properties
comparable to those of the actives (see Table 3).

Table 3. Summary of the Average 1D Physicochemical Properties of Active
and Inactive Molecules in the Screening Database™

Molecule b_1rotN®  Weight” a accd® A don®™ a_hyd? S _logP¥
Actives 6.07 437.27 2.38 0.77 20.29 3.29
Berlex (1.36) ©8.81)  (079)  (1.07)  (5.65) (.72)
Inactives 5.58 410.37 2.62 0.55 20.84 5.26
Maybridge 0.71) (4368)  (049)  (0.50)  (3.32) (1.25)

[a] Standard deviations are given in parentheses. [b] The number of rotatable
single bonds. [c] Molecular weight. [d] The number of hydrogen-bond
acceptor atoms. [e] The number of hydrogen-bond donor atoms. [f] The
number of hydrophobic atoms. [g] Octanol-water partition coefficient.

Figure 9 shows the ROC curves and AUC values obtained for the
various shape-based approaches used here. Our recently
developed spherical harmonic (SH) consensus shape approach
[2¢] gives the best VS performance (highest AUC values) when
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using both the three high activity Berlex compounds (1, 2, and
10h) from three different scaffold families and the six high affinity
PCA-selected compounds (1, 6l, 7g, 9, 10j, and 36) as the
consensus queries (see Figure 11). The next best query is 10h,
identified by the 3D-QSAR calculations, which also scores well
with the ROCS and HEX shape-based scoring functions. Nearly
all of shape-based scoring functions give better results than the
QIKPROP/QIKSIM 2! chemical similarity query calculated from
the average of the descriptors for all of the Berlex actives.

Regarding the performance of the three queries used, the 10h
query extracted from 3D-QSAR model identifies very well the
compounds with the same scaffold (10f, 10g, 10i, 10j, 10c, 10e,
10d, 10b, 10a) at the first percentage of database screened, but it
does not rank the other Berlex actives as highly as the 10h query
found from docking onto the CCR5 model. For this reason the
initial enrichment is better for the query extracted from 3D-QSAR
model, but next it is better for the query extracted from docking
onto CCR5 model (see Figure 9, Parafit Shape Tanimoto query
compound 10h docked onto CCR5 model and Parafit Shape
Tanimoto query compound 10h from 3D-QSAR). The TAK-779
query extracted from docking onto CCR5 model does not perform
so well because this query belongs to a different family of CCR5
inhibitors than the Berlex compounds, so the shape is also a
slightly different (Figure 8) and the shape matching scores
retrieved between this query and all Berlex compounds are lower
(see Figure 9, Parafit Shape Tanimoto query TAK-779 docked
onto CCR5 model).

Figure 10 shows the enrichment curves and enrichment
factors for the consensus queries compared to the 3D-QSAR
query. It can also be seen that the best VS performance (highest
AUC values) is achieved using the spherical harmonic (SH)
consensus shape approach.

s:o«ing Function AUC

W PARAFIT 8.02v: Shape consensus Tanimaoto (3 active compounds) 0.976
W PARAFIT 8.02v: Shape consensus Tanimato (all active compounds) 0.951
PARAFIT 8.02v: Shape consensus Tanimote (6 PCA selected compounds) 0.947

PARAFIT 8.02v: Shape Tanimoto (query empd10h docked onto CCRS model) 0.818
ROCS2.2: Combo Score (Shape Tanimoto + Scaled Color Score) 10 query conf & 10 confidatabase compound 0.881
MROCS2.2: Shape Tanimoto 10 query conf & 10 confidatabase compoundguery empd10h from 3D-QSAR) 0714

MHEX4 E: Shape Tanimoto (query empd10h from 3D-QSAR) 0710
B PARAFIT 8.02v: Shape Tanimeto (query cmpd10h from 3D-QSAR) 0.655
ROCS2.2: Combo Score (Shape Tanimoto + Scaled Color Score) 10 confidatabase compound 0.623
QIKPROPIQIKSIM (actives averaged descriptors): Tanimoto Score 0508
PARAFIT 8.02v: Shape Tanimato (query TAKTTS docked onto CCRS model) 0.555
ROCS2.2: Combo Score (Shape Tanimato + Scaled Color Score) (query ermpd10h from 3D-QSAR) 0.521
B QIKPROPIQIKSIM (cmpd10h descriptors): Tanimato Score 0495
ROCS2.2: Shape Tanimoto (query cmpd10h from 3D-QSAR) 0.458
ROCS2.2: Shape Tanimoto 10 confidatabase compoundiguery empd10h from 3D-0SAR) 0.426
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Figure 9. ROC plot evaluation of shape-based virtual screening for 69 Berlex
CCRS5 antagonists. The dotted black line represents the expected enrichment if
actives were selected at random. This figure also reports the AUC values of the
corresponding VS ROC curves.
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Figure 10. CCR5 shape matching-based enrichments. On the top, enrichment
curves obtained using several shape-matching protocols with the Berlex CCR5
inhibitors (the dotted line represents the expected enrichment if actives were
selected at random). On the bottom enrichment factor for actives found within
the top-ranking 1%, 5%, and 10% fractions of the screened database.
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Figure 11. SH consensus shapes of the Berlex compounds. On the left, the
consensus shapes calculated from three high activity compounds with different
scaffolds (top), and six high affinity PCA-selected compounds (bottom). The
remaining images to the right show the superpositions of the selected
compounds onto the corresponding consensus shape.

Regarding the scaffold retrieval analysis, the single-ligand 10h
query retrieves compounds with the same scaffold (10i, 10g, 10j,
10f, 10e, 10c, 10d, 10b, 10a) in the first percentages of the
database screened, while the consensus shape query retrieves
more diverse scaffold in the first percentages of database
screened (e.g. 6k, 38, 37E, 7b, 39, 36, 7a, 9c). In all cases,
compounds with higher activity are retrieved first. Hence the use
of consensus-based queries can be seen to find many CCR5
inhibitors remarkably well.



These results are supported by a large-scale VS experiment
carried out by some of us previously, ?® in which 424 known
CCR5 antagonists (comprising SCH derivatives, " diketopiper-
azines, ' anilide piperidine N-oxides, 28 AMD derivatives, ['¥! 4-
piperidines, (9l 4-aminopiperidine or tropanes, @1 1,3 4-tri-
substituted pyrrolidinepiperidines, '® phenylcyclohexilamines, 2
TAK derivatives, ["® 1-phenyl-1,3- propanodiamines, % 1,3,5-tri-
substituted pentacyclics, !?! N,N’-diphenylureas, * 5-oxo-
pyrrolidine-3-carboxamides, '*°! guanylhydrazone derivatives,
and 4-hydroxypiperidine derivatives ) were mixed with 4696
commercial drug-like compounds from the Maybridge Screening
Collection (see Figure 12). In this experiment, the consensus
shape of the three most active compounds of different scaffold
families in the database (a piperidine derivative, a SCH derivative,
and a 1,3,4-trisubstituted pyrrolidinepiperidine) was used as the
VS query. Figure 12 shows that the AUC value obtained is high
(0.991), thus corroborating the good performance of the
consensus shape approach. Furthermore, three well known entry
inhibitors (Vicriviroc®, Schering-Plough; Aplaviroc®,
GlaxoSmithKline; and Maraviroc®, Pfizer) were included in these
calculations. As shown in Figure 12, these actives are all
retrieved in the first percentages of database screened. Moreover,
visual inspection of the Maybridge compounds selected at the
first percentages of database screened show that these
compounds present a molecular geometry with polar and charged
groups and hydrophobic moieties similar to those of the Berlex
compounds.
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Figure 12. ROC plot (top) and enrichment plot (bottom) of consensus shape-
based virtual screening for 424 CCR5 antagonists. The pink line represents the
expected enrichment if actives were selected at random. The AUC value is
reported in the ROC plot. The enrichment plot shows in blue, green, and yellow,
the rank obtained for Vicriviroc®, Aplaviroc®, and Maraviroc®, respectively.

Conclusion

In conclusion, a pharmacophore model for a series of novel
CCRS5 antagonists has been presented. Chemometric information

regarding the molecular determinants most important for anti-HIV-
1 activity were combined with results from a structure-based
docking study to obtain a highly plausible model of the binding
mode of known high affinity CCR5 antagonists. Regarding the
ligand-based study, we used CCR5 known binders in conjunction
with chemical similarity searches and several shape-matching
procedures, including a novel SH consensus shape matching
approach, to perform VS. The enrichment and diversity results
obtained show that using spherical harmonic consensus shapes
as queries provides an effective tool with which to identify multiple
CCRS antagonists by shape-based VS.

Overall, our chemometric analyses, receptor-based and ligand-
based computational approaches produce consistent biological
profiles of CCR5 antagonists. Hence, the results presented here
help build a better picture of the molecular requirements and
determinants needed for antagonist inhibitors to bind within the
CCRS5 extracellular pocket, and will be valuable for predicting new
HIV entry-blocking leads.

Experimental Section

Molecular structures of the protonated Berlex compounds were built using
the Flo+ ' suite of software with standard bond distances and valence
angles. These were then flexibly superposed on the docked conformation
of TAK-779 using fifty thousand cycles of the Flo+ TFIT module and in
each case the conformation with the best superposition energy was
selected. Compound 61 was omitted since it was the lone 3-hydroxy-
piperidine derivative.

GRINDs were calculated in GRID using the DRY, O, N1, and TIP atom
probes to give four auto-correlograms and six cross-correlograms. PCA
and PLS analyses were performed using the ALMOND software (version
3.3.0) using default settings and three hundred filtered grid nodes. No
initial scaling was applied to the original X-variable matrix which was
subsequently filtered by three Fractional Factorial Design runs. Cross-
validation was performed using the leave one out (LOO) procedure to
select the optimal number of components in the PLS model equal to a
significant increase of the cross-validation coefficient g° (at least 5%).

The 3D structure of residues 1-320 of CCR5 was built by comparative
homology modelling using MODELLER (ver9v2) to upgrade and refine our
previously published 3D model " based on bovine rhodopsin (PDB code
1U19). The first 100 solutions were generated (refine level = fast, repeat =
100) and afterwards only loops were refined (refine level = slow, repeat =
100). The model with the best DOPE score was selected from this library
of 600 models as input for receptor-ligand docking.

Flexible docking of 10h and 38 was carried out using 100 steps of the Flo+
DYNDOCK module with the CCR5 Ca. trace held fixed. The pose with the
highest number of hydrogen bonds between the receptor and the
antagonists and within and energy window of 100 kJ/mol within the global
minimum was selected.

Pharmacophore studies were performed using MOE ['? software with 10
families of known actives: AMD3100 derivatives, SCH derivatives, 1,3,4-
trisubstituted pyrrolidinepiperidines, diketopiperazines, TAK-779
derivatives, 4-piperidines, 1-phenyl-1,3-propanodiamines, 4-
aminopiperidines, phenylcyclohexilamines and N,N’-diphenylureas. 50
conformations of each compound were calculated (MMFF94 forcefield).
The training set consisted on the most active compound from each family
of CCRS5 inhibitors. The pharmacophore queries were built on the
alignment of combinations of these structures with the FlexAlign module
[32] in MOE. The pharmacophore scheme of PCH (polarity-charge-
hydrophobicity) was applied throughout the MOE study. Chemical features
and their tolerance radius were selected, between those suggested by
MOE, to achieve better balance between sensitivity and specificity. Validity



of the pharmacophore models was determined by their ability to retrieve
known active molecules from the databases using several formulas to
score it and provide a quantitative value of goodness. Resulting
pharmacophore modelling hit lists were analyzed using these terms
(percent yield of actives, percent ratio of the actives in the hit list,
enrichment, goodness of hit list, false negatives and false positives). All
compounds were sorted into ranked lists based upon their rmsd. These
lists were then used to plot the percentage of known actives found versus
the percentage of the ranked database screened and to calculate the
enrichment factor (EF) at 1%, 5% and 10% of the screened database.

Shape-based VS was performed using PARASURF/PARAFIT 08 %],
ROCS 2.3.1 P and HEX 4.8 ¥, by superposing each of the database
compounds onto a given query molecule. The PARAFIT and HEX
superpositions were performed using the 10h conformation extracted from
3D-QSAR as the query and the conformation computed by the MOE
FlexAlign module ®2 for each database compound. However, the ROCS
shape matching calculations were performed using different query and
database compound conformations. OMEGA B was used to calculate 10
further conformations of the query molecule, starting from the 10h 3D-
QSAR conformation, as well as 10 different conformations of every
compound in the ligand database. Also, a consensus shape-based
approach was applied using PARAFIT08, by superposing each of the
database compounds onto a consensus SH surface query which
combines the most significant features of the related group of Berlex
molecules. Two consensus queries were constructed, one by superposing
the three different scaffold high activity Berlex compounds (1, 2, and 10h)
and the other by superposing the six high affinity PCA-selected
compounds (1, 61, 7g, 9, 10j, and 36). In all approaches, the shape
Tanimoto objective function was used to rank the ligand database.

The chemical similarity search was carried out using QIKPROP P to
calculate 46 descriptors and pharmaceutically relevant properties for all
database compounds. The Tanimoto similarity coefficient was calculated
for all database compounds with respect to a) the compound 10h
descriptors and b) the average of physicochemical and biological
properties of the 69 Berlex actives obtained from QIKSIM 71 The
performance of the shape-based VS approaches was assessed using
ROC plot analyses.
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Discovery of Novel Non-Cyclam Polynitrogenated CXCR4

Coreceptor Inhibitors

Sofia Pettersson,” Violeta |. Pérez-Nueno,” Laia Ros-Blanco,” Raimon Puig de La Bellacasa,

[al

Maria Obdulia Rabal,’? Xavier Batllori,” Bonaventura Clotet,® Imma Clotet-Codina,®
Mercedes Armand-Ugén,™ José Esté,™ José I. Borrell,” and Jordi Teixido*®

HIV cell fusion and entry have been validated as targets for ther-
apeutic intervention against infection. Bicyclams were the first
low-molecular-weight compounds to show specific interaction
with CXCR4. The most potent bicyclam was AMD3100, in which
the two cyclam moieties are tethered by a 1,4-phenylenebis-
(methylene) bridge. It was withdrawn from clinical trials owing to
its lack of oral bioavailability and cardiotoxicity. We have de-
signed a combinatorial library of non-cyclam polynitrogenated
compounds by preserving the main features of AMD3100. At

Introduction

Studies in human immunodeficiency virus (HIV) biology have
provided deep knowledge of the molecular events that are in-
volved in the HIV life cycle, which consist of several steps: viral
entry,"? reverse transcription,®® integration,®'*'® gene ex-
pression,'”'® gene assembly,"” budding® and maturation.?"
There is a need for the development of new drugs that are ca-
pable of suppressing HIV strains that are resistant to the cur-
rently used reverse transcriptase inhibitors (RTI) or protease in-
hibitors (Pl), and for new drugs that target different stages in
the virus life cycle.

HIV cell fusion and entry have been validated as targets for
therapeutic intervention against infection.” The virus needs a
primary receptor (CD4) and a coreceptor, either the chemokine
receptor CXCR4 or CCR5, to fuse with the cell. Thus, they
became new therapeutic targets for the treatment or preven-
tion of HIV infection.

There are two approved entry and fusion inhibitors: T-20
(Fuzeon or enfuvirtide, developed by Roche-Trimeris), a linear
36 amino acid synthetic peptide with an acetylated N terminus
and a carboxamide C terminus that is composed of naturally
occurring L-amino acid residues, and maraviroc (Selzentry),”? a
CCRS5 inhibitor. The first nonpeptidic CCR5 antagonist was TAK-
779" (Figure 1), from Takeda Chemicals, although it could not
be developed as an anti-HIV-1 drug because of its variable ac-
tivity and poor oral bioavailability. Later, SCH-D** (vicriviroc,
Figure 1), was developed by Schering—Plough; it had improved
antiviral potency and better pharmacological properties rela-
tive to its predecessor SCH-C,”®! and has continued to phase Il
clinical trials. GW873140 (aplaviroc),”® a spiroketopiperazine-
based agent from Ono Pharmaceutical/GlaxoSmithKline, exhib-
ited potent antiviral activity but has been discontinued for clin-
ical development as an anti-HIV agent. Another class of anti-
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least two nitrogen atoms on each side of the p-phenylene
moiety, one in the benzylic position and the other(s) in the heter-
ocyclic system were maintained, and the distances between them
were similar to the nitrogen atom distances in cyclam. A selec-
tion of diverse compounds from this library were prepared, and
their in vitro activity was tested in cell cultures against HIV
strains. This led to the identification of novel potent CXCR4 core-
ceptor inhibitors without cytotoxicity at the tested concentra-
tions.

HIV agents that targets CCR5 includes PRO 140%" (Progenics
Pharmaceuticals), a humanized monoclonal antibody that is
designed to block the ability of HIV to enter and infect cells;
this antibody is in phase Ib clinical studies. In addition, CCR5
antagonists and monoclonal antibodies have shown potent
synergistic antiviral effects by co-binding the receptor.?®
Bicyclams were the first low-molecular-weight compounds
with a specific interaction with CXCR4.%-% The most potent
bicyclam was AMD3100 (Figure 1) in which the two cyclam
moieties are tethered by a 1,4-phenylenebis(methylene)
bridge. It has an IC5, of 1-10 ngmL™", which is at least 100000-
fold lower than the cytotoxic concentration. Samples of virus
that were recovered from patients whom had been treated
with AMD3100 (bicyclam) showed a change in virus pheno-
type, from X4 to R5; this suggests that AMD3100 blocked se-
lectively those viruses that use CXCR4, although it was not ef-
fective in inhibiting CCR5-dependent replication of HIV in vivo.
However, AMD3100 has shown poor oral absorption and toxici-
ty, which is related to its high positive charge at physiological
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Figure 1. Structures of the main CXCR4 and CCR5 antagonist leads; they
have aromatic or aliphatic linkers in polynitrogenated systems.

pH, therefore new analogous compounds should improve
these characteristics.¥

CXCR4 and CCR5 antagonist leads, such as AMD3100 (bicy-
clam), SCH-D or TAK-779 contain aromatic or aliphatic linkers
in polynitrogenated systems. Among all of the compounds
under study, bicyclams in general, and particularly AMD3100,
appear to be the most active. p-Phenylenic compounds with a
single cyclam moiety have also been developed, such as
AMD3465 (Figure 1),°¥ which is a CXCR4 antagonist, and
AMD3451,%% which shows antagonist activity against both
CXCR4 and CCR5 coreceptors in cell culture studies. This led us
to consider the possibility of obtaining symmetrical and non-
symmetrical systems that contain a p-phenylenic spacer and
nitrogenated cyclic subunits in the search for new compounds
that are potentially active against HIV-1. Herein we present the
results of these studies.

Library design and compound selection

We designed a combinatorial library® by preserving the main
features of AMD3100: a) at least two nitrogen atoms on each
side of the p-phenylene moiety, one in the benzylic position
and the other(s) in a heterocyclic system and b) similar distan-
ces between these nitrogen atoms as those that are present in
cyclam. Such considerations led us to diamines 1 as target
compounds (Figure 2). Very recently a similar but less restric-
tive approach was used by Liotta and colleagues® to propose
a family of compounds whose general structure,
R3R*NCH,C¢H,CH,NR'R?, led to a large scaffold diversity. The
most active compound in their library blocks in vitro CXCR4/
SDF-1-mediated signaling more effectively than AMD3100, but
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Figure 2. Retrosynthetic analysis for target diamines 1 (n>1) and dihydra-
zones 2 (n=0).

they found it to be weakly active against HIV propagation in
cell culture tests.

A retrosynthetic analysis for target compounds 1 in which
R'=R? and n>1 led to the symmetrical diimines 2 as precur-
sors, which can be further disconnected to terephthalaldehyde
(3) and two equivalents of the corresponding amine 4 (n>1).
When R'=R? and n=0, compounds 2 are in fact symmetrical
hydrazones, which can be obtained by condensation of ter-
ephthalaldehyde and the corresponding hydrazine 4 (n=0).
These dihydrazones were also included in our library.

To obtain nonsymmetrical (R'#R?) diamines 1 (n>1) and di-
hydrazones 2 (n=0), it was necessary to slightly modify our
synthetic approach by using 4-(diethoxymethyl)benzaldehyde
(5) as the core precursor (Scheme 1). Thus, intermediate hydra-
zono and aminobenzaldehydes 6 and 7 allowed us to include
such nonsymmetrical compounds and nonsymmetrical amino-
hydrazones 8 as target compounds.

The first selection of nitrogenated building blocks was
based on commercial availability; the use of synthetic building
blocks is currently under development. A search for available
building blocks resulted in 18 commercially available nitrogen-
ated building blocks that consist of a nitrogen-containing het-
erocyclic system (piperidine, piperazine, morpholine, pyrroli-
dine, imidazole and triazole), a polymethylene spacer, and a
terminal amine group (Figure 3). Consequently, the virtual
combinatorial library was built by using three hydrazines 4{71-
3} and eight amines 4{4-11} as building blocks for substituents
R' and R? of diamines 1, dihydrazones 2 and aminohydrazones
8, and it was subsequently enumerated with Cerius2.®”

In an attempt to explore the chemical space that is covered
by the library, we initially decided to select a reduced set of 19
compounds by using PRALINS®® (Program for Rational Analysis
of Libraries in silico) and by applying a diversity criteria, which
decreases the number of compounds to be synthesized and

ChemMedChem 2008, 3, 1549 - 1557
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strategies that were used to obtain diamines 1, dihy-
drazones 2 and aminohydrazones 8 are depicted in
Scheme 1. For the synthesis of symmetrical diamines
1 (R'=R?, we used a stepwise reductive amina-
tion:*" a) reflux of a mixture of 3 and the corre-
sponding amine 4{4-11} (1:2 molar ratio) in anhy-
drous methanol by using molecular sieves as a dehy-
drating agent, and b) subsequent reduction with
NaBH,.=

Symmetrical dihydrazones 2 (R'=R? were ob-
tained by condensation of 3 with the corresponding
hydrazines 4{7-3} in methanol (Scheme 1). Nonsym-
metrical (R'#R? diamines 1, dihydrazones 2, and
aminohydrazones 8 needed more complex ap-
proaches. Thus, hydrazonobenzaldehydes 6 were syn-

thesized by coupling terephthalaldehyde (3) with hy-
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1.R'NH;  qrazines 4{1-3} in a 2:1 molar ratio, followed by chro-
(44-11}) . .
MeOH  Matographic separation from unreacted 3 and the
2.NaBH, symmetrical dihydrazone 2 byproduct. The subse-

quent coupling with a second hydrazine 4{71-3}
would afford the nonsymmetrical dihydrazones 2
(R'#R? (Scheme 1). This procedure has been used to
obtain dihydrazone 2{7,3}.

On the other hand, 4-(diethoxymethyl)benzalde-
hyde (5) was selected as building block to obtain
aminobenzaldehydes 7 by reacting equimolar
amounts of 5 and the corresponding amine 4{4-11},
followed by reduction of the intermediate iminoace-
tal and subsequent acetal cleavage with a dilute solu-
tion of aqueous hydrochloric acid.***¥ Treatment of
these aminobenzaldehydes 7 with a second amine 4-
{4-11} in anhydrous MeOH, by using molecular sieves
as dehydrating agent, followed by reduction with
NaBH,, yielded the nonsymmetrical diamines 1 (R'#
R? (Scheme 1). Finally, aminohydrazones 8 were ac-
cessible either by reductive amination of hydrazono-
benzaldehydes 6 with the appropriate amine 4{4-11}
or by coupling of the aminobenzaldehydes 7 with
the corresponding hydrazine 4{7-3} (Scheme 1).

Scheme 1. Synthesis of symmetrical and nonsymmetrical diamines 1, dihydrazones 2,

and aminohydrazones 8.

evaluated without decreasing the chance of hit/lead finding.
Thus, a series of molecular 2D (physicochemical, topological
and topological based on information theory) and 3D (poten-
tial energy, surface, shape and volume) descriptors (computed
with MOEP?) were used for the definition of the chemical
space. A subsequent principal component analysis decreased
the initial set of descriptors to five components (explaining
90% of the variance) which were used as input for the diversi-
ty selection with PRALINS; this resulted in the selection of 19
compounds (Table 1).

Chemistry

Combinatorial approaches have been widely used in the iden-
tification of novel anti-HIV drugs;*® in our case, the synthetic
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Results and Discussion

The first subset of compounds synthesized and tested (anti-
HIV activity and cytotoxicity) included eight compounds: two
dihydrazones (2{7,7} and 2{2,2}) and six diamines (1{3,4}, 1{5,5},
1{6,6}, 1{6,11}, 1{9,9} and 1{11,17}) chosen among the 19 com-
pounds result of the diversity selection. Three of them (1{5,5},
1{9,9} and 1{6,77}) showed very promising anti-HIV activities,
EC,, in the range 0.9-18 ugmL™' (Table 1), so we decided to in-
clude structural modifications of them together with the re-
maining initial 19 candidates.

Thus, the second subset of compounds synthesized and
tested was formed by seventeen compounds: one dihydrazone
(2{7,3}), ten diamines (1{6,7}, 1{5,8}, 1{5,10}, 1{5,11}, 1{4,5}, 1{5,6},
1{5,7}, 1{5,9}, 1{9,10} and 1{9,77}) and six amino hydrazones (8-
{3.5}, 8{3,6}, 8{3,8}, 8{3,9}, 8{1,5} and 8{25}). Twelve of these
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NfNHz .NH, .NH, Table 1. ECs, and CCs, values of diamines 1, dihydrazones 2, and amino-
Q N O hydrazones 8.
A1} 4{2 43} \/@/\N,RZ \D/\\N'Rz \OAN,RZ
H H H
Rw'N RrN\ R1'N
~~_-NH; AN N= 1 2 3
N < N NH, Q
NN~ NH, Subset® Compound R'NH, R®NH, EC[ugmL™"1% CCs, [ugmL—'19
4“9 45} 4“6 1 2{1,1} 41y 41 >125 >125
2 2{1,3} 41y 4{3 >25 >25
N~ NH: N NH (\N/\/\NH2 2 8(1,5} 41y 45 27 10.1
2
NI 3 8{1,6} 41} 4ale} >25 >25
3 8{1,8} 41 A8 >4.1 41
47 48) b 3 819 an 49 >938 958
3 8{1,11} 41 4 106 >25
0 0 1 2{2,2} 42} M >125 >125
3 8(24 42} a4 14.7 >25
k/N\/\NHZ SN N 2 3}251 4}21 4}51 20 958
4{10} 4{11} " : ’
3 8{2,6} 42} 46} >25 >25
. . - ) ) ) 3 8{2,8} 42} 48 0.6 14.6
Elig:::ri?;l/i\irl\;rl:re building blocks used in the construction of the virtual com- 3 802.9) 42 409 18 192
v 3 821 42 aun 15.7 >25
3 2(3,3} 43} 4{3} >125 >125
1 8{3.4} 43} 44 >84.9 84.9
compounds presented ECs, in the range 0.2 to 2.7 ugmL™", the ; :g'g :gi :g 11-2 ;23
. 9 , . >
most potfent belng 1{5,6} and 1{5,<"3} (0:2 pgmL™') (Table 1). N 8(38] 43 4@ 14 103
The third and final subset, which included 28 compounds, 2 8(3,9) 43 4{9 1.7 <25
thus covering the total of 53 compounds synthesized and 3 8{3,11} 43} 41} 8.1 >25
tested (Table 1), was selected by using computational analysis ; :Ev‘g :ﬁg :gi “1)5 >§§
tools such aF quantltatl\./e structure-activity relationships 3 1146) a4 4l 48 a5
(QSAR) techniques and ligand- and structure-based drug 3 14,9 aa 49 8.2 > 25
design (for CXCR4 and CCR5 modeled HIV-1 entry corecep- 3 14,11} 44 411} >25 >25
tors).*>“? Notable compounds of this subset are 1{6,8} (ECs,= 1 1£5,5§ 4£5§ "ﬁ 0.9 324
o _ 2 . 2 1456 4{5} 46 0.2 >25
0.03 pg mL ’), 1{8,9}' (EC5,=0.03 pug mL ), and the most active 5 157 45 4 17 2 a5
compound in the library, 1{8,8}, which has an ECy, value of 2 145,8) a5 48 0.2 ~25
0.008 ugmL™~" and a CCsp>25 ugmL™". 2 15,9} 453 4} 05 >25
Among the different polynitrogenated building blocks, 2 1£5"0}} 4}5§ 4?0}} 24 >25
. . 2 15,11 a5y A1 16 >25
RNH,, amines 4{5} and 4{8}.gave the. most active compounds. ] 166} a6 4 5595 595
ECs, results suggest that higher activity values could be ob- 2 1467} 460 4 2.0 <25
tained by using a propylenic spacer between the heterocyclic 3 16,8} 4{6}  4{8} 0.03 >25
ring and the nitrogen that supports the p-phenylenic moiety, 3 1£5'9}} 4?? 4}9}} >25 >25
: . . 3 116,10 a{6y  4{10 >25 >25
and for heterocyclic systems that cohtaln one nitrogen atom. ; 14617} a6} aun 184 ~125
To evaluate the results, we determined the ECs, and CCs, of 3 W7 a7 an >11.7 1.7
AMD3100 (EC5,=0.001 pgmL~'; CC5o>5 ugmL™") and DS (dex- 3 1{7,8} 47y 48 0.5 >25
tran sulfate) (EC5,=0.011 ugmL™"; CCyy>125 ugmL™") by fol- 3 1£7'9}} 45}} 4?}} 25 >25
. 3 17,11 4 a1 2.7 >25
lowing the same methodology as for our compounds. As can 3 188) a8 ag) 0,008 oy
be seen, compound 1{8,8} presents nearly the same level of ac- 3 18,9} 48 49 0.03 <25
tivity as the reference compounds, 1{8,8} (EC5,=0.019 um) and 3 148,10} 4{8}  4{10} 0.4 >25
AMD3100 (EC4,=0.002 um), and shows no cell toxicity at the 3 1}‘3;}” 4?;; 4%;}” 2-5 >§5
. 1 1 19, 4 4 5 >125
tested conce.ntratlor.\s of up t.o 25 ug mL S - N 109,10} 49 4(0) >25 525
Computational blind docking and ligand binding within the 2 149,11} 49 4N 9.1 >25
CXCR4 site-directed mutagenesis (SDM)-defined binding 3 1{10,10} 4{10y 4{10}  >857 85.7
pocket®” were analyzed in detail by using AutoDock™*®*) to 3 oy a0y 41y >25 >25
study the interactions between 1{8,8} and the CXCR4 corecep- ! wnimn a4 >12s 12
tor. To perform these calculations, CXCR4 was first homology [a] Subsets of synthesized and tested compounds, in bold for the diversi-
modeled with MODELLER®® and CONGEN®" by using bovine ty selection with PRALINS. [b] Effective concentration 50 or the concentra-
Y 9 tion required to inhibit HIV-induced cell death by 50% as evaluated with
i 521 : : ; q y
rhodopsin as a template as described in Pérez-Nueno the MTT method in MT-4 cells. [c] Cytotoxic concentration 50 or the con-
et al.”®¥ The compound 1{8,8} structure was built, assigned Gas- centration required to induce 50% death of non-infected MT-4 cells as
teiger partial charges,[S‘” and minimized in MOE with the evaluated with the MTT method. Reference compounds: AMD3100:
_ -1 _ —~1. . — -1 —
MMFF94 force field. For the AutoDock blind docking experi- icfggo'ogjl_f‘?ml‘ » Clso=>5pgmL"5 DS: EC5=0.011 pgml—, CCsp=
ment, a 181x181x 181 grid with a grid spacing of 0.375 A was Hom- -
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used, and was centered on the SDM-defined ligand-binding
site. This grid enclosed the whole protein structure, and the
ligand was initially placed far from the protein to include the
possibility of finding other binding sites. A smaller (61x61x
61) grid was used for the subsequent binding mode analysis
calculations. In each case, 100 independent Lamarckian genetic
algorithm (LGA) runs were performed and pseudo-Solis and
Wets minimization methods were applied by using default pa-
rameters. Each docking run was repeated five times. Results
from docking analyses were assessed by using the knowledge
of the SDM data. They showed two main electrostatic interac-
tions between two positively charged nitrogen atoms in com-
pound 1{8,8} and negatively charged Asp262 and Glu288 resi-
dues of the CXCR4 coreceptor (Figure 4). The lowest distances

Figure 4. Predicted binding conformation between 1{8,8} and CXCR4 from
blind docking analysis. a) Compound 1{8,8} docked within the CXCR4
pocket; b) detailed view of the calculated binding conformation.

from the carboxylic oxygen atoms of the three key binding res-
idues Asp171, Asp262, and Glu288, to the four nitrogen atoms
(N27, N21, N8, N13) of 1{8,8} are shown in green: 6.88 A be-
tween N¥13 and O(sp2) Asp171, 5.24 A between N*8 and
0O(sp2) Asp262, and 3.06 A between N*21 and O(sp2) Glu28s.

ChemMedChem 2008, 3, 1549 - 1557
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Our docking results for 1{8,8} agree with those of Gerlach
etal® on the mutagenic substitution of 16 CXCR4 amino
acids, in which the three acidic residues, Asp171, Asp262, and
Glu288, were identified as the main electrostatic interaction
points for positively charged AMD3100 bicyclam rings binding.
Moreover, the same study was performed with the AMD3100
ligand as is described in Pérez-Nueno et al.*¥ Results with this
known active ligand, by using only the same docking protocol
as mentioned above, also agree with the 1{8,8} docking results.
It is worth mentioning that by using molecular dynamics (MD)
it is possible to refine the CXCR4 docking poses to obtain
ligand conformations that are closer to the key SDM resi-
dues.”**® For example, applying 200 ps of AMBER MD to our
docking poses by using a protocol as described by Orozco and
co-workers®™ gives ligand conformations with an average dis-
tance of 2 A closer to the key binding residues. However, in
this work we were more interested in the possibility of predict-
ing a binding site and a binding mode of our more active syn-
thesized molecules by using a docking tool only.

Finally, we carried out time-of-drug-addition experiments to
identify the time and site of interaction of our anti-HIV com-
pounds. It is known that the time delay before the addition of
a drug is an estimate of its mode of action. Consequently, we
determined the time of drug addition for the four most active
compounds 1{8,8}, 1{6,8}, 1{8,9} and 1{8,70} compared with a
CXCR4 antagonist (AMD3100), a reverse transcriptase inhibitor
(AZT; azidothymidine), a fusion inhibitor (C34) and an adhesion
inhibitor (DS; dextran sulfate) to confirm the initial hypothesis
that the designed compounds act as CXCR4 inhibitors. The re-
sults that were obtained (Figure 5) clearly show that these
compounds share a time/site of interaction that is similar to
that of AMD3100 and act as blockers of the CXCR4 coreceptor.
Furthermore, compounds 1{8,8}, 1{6,8}, 1{89} completely
blocked the binding of the 12G5 monoclonal antibody that tar-
gets CXCR4 at 25 pgmL~" as measured by flow cytometry anal-
ysis in CXCR4+ cells, but failed to block the binding of anti-
bodies that target CD4, CCR5 or CD45 (data not shown); this

200 1
160 A

120 A

24 1%
LR 80

40

120 1440

20°C 37 °C

Time of drug addition / min

Figure 5. Time of drug addition in MT-4 cells of 1{8,8} (¢), 1{6,8} (e), 1{8,9}
(0), and 1{8,10} () in comparison with AZT (o), AMD3100 (m), DS (2), and
C34 (a); control: (—). Virus production was measured by p24 antigen de-
termination in the cell supernatant 30 h post-infection, and is expressed as
percentage of control values.
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suggests that this class of compounds is very selective for the
CXCR4 receptor.

Conclusions

We have designed a combinatorial library of non-cyclam
AMD3100 analogues that preserves the main features of
AMD3100: a) at least two nitrogen atoms on each side of the
p-phenylene moiety, one in the benzylic position and the
other(s) in a heterocyclic system, and b) similar distances be-
tween these nitrogen atoms as those present in cyclam. A di-
versity-oriented selection has allowed the synthesis of dia-
mines 1, dihydrazones 2 and aminohydrazones 8; these com-
pounds cover a broad range of activity values and are useful
for calculating QSAR models. This approach led to the synthe-
sis of compounds 1{6,8}, 1{8,9} and 1{8,8}, which show anti-HIV
activity values below 0.03 pgmL™" but have displayed no cyto-
toxic effects at the tested concentrations. Studies on the mode
of action of these compounds showed that they inhibited the
CXCR4 coreceptor, thus validating the initial target compound
design. A combinatorial optimization of the anti-HIV activity of
this new family of compounds by using noncommercial
amines of general structure 4 is currently on the way.

Experimental Section
Chemistry

IR spectra were recorded in a Nicolet Magna 560 FTIR spectropho-
tometer. 'H and “CNMR spectra were recorded in a Varian
Gemini 300 spectrometer that was operating at a field strength of
300 and 75.5 MHz, respectively. Chemical shifts were reported in
parts per million (3) and coupling constants (J) were in Hz by
using, in the case of 'H NMR spectroscopy, TMS as an internal stan-
dard, and in the case of *CNMR spectroscopy the solvent at
77.0 ppm (CDCl,) as an internal reference. Standard and peak mul-
tiplicities are designated as follows: s, singlet; d, doublet; t, triplet;
g, quartet; quint, quintet; m, multiplet; br, broad signal. MS data
(m/z (%), El, 70 eV) were obtained by using a Hewlett-Packard
HP5988A spectrometer, and HRMS data were obtained by using a
Micromass Autospec instrument. Elemental microanalyses were ob-
tained on a Carlo-Erba CHNS-O/EA 1108 analyzer. Thin-layer chro-
matography (TLC) was performed on precoated sheets of silica 60
Polygram SIL N-HR/UV,s, (Macherey-Nagel, art. 804023). Flash chro-
matography was performed with silica gel 35-70 um (SDS, art.
2000027).

N-(4-((2-(Pyrrolidin-1-yl)ethylamino)methyl)benzyl)-2-(pyrrolidin-
1-yl)ethanamine (1{4,4}). Terephthalaldehyde (3) (0.61g,
4.5 mmol), 1-(2-aminoethyl)pyrrolidine 4{4} (1.04 g, 9.0 mmol) and
molecular sieves (4 A) were mixed in anhydrous MeOH (30 mL) and
held at reflux under a N, atmosphere for 24 h. The molecular
sieves were filtered, and the intermediate imine in MeOH was
cooled to 0°C and treated with solid NaBH, (0.34 g, 9.0 mmol). The
mixture was stirred at RT overnight. Then H,0 was added and the
product was extracted with CH,Cl, The organic layers were com-
bined, washed with brine, dried over MgSO, and the solvent was
removed to give 1{44} as a yellow oil (1.32g, 89%). 'H NMR
(300 MHz, CDCl;, 25°C, TMS): 6=7.27 (s, 4H; Ph), 3.79 (s, 4H;
CH,Ph), 2.73 (t, *Jyy =6.0 Hz, 4H; CH,NH), 2.59 (t, *J;,,=6.0 Hz, 4H;
CH,N), 2.47 (m, 8H; CH,N), 2.20 (brs, 2H; NH), 1.75 ppm (quint,
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3,1 =3.3 Hz, 8H; CH,); ®C NMR (75.5 MHz, CDCl,, 25°C): 6=138.8
(Cq), 128.0 (CH), 559 (CH,), 54.2 (CH,), 53.8 (CH,), 47.8 (CH,),
23.5 ppm (CH,); IR (film): #=3310 (NH), 2962, 2928, 2874, 2794
(CH), 1485, 1444 cm ™' (CH); MS (FAB): m/z (%): 331.3 (100) [M+H]",
3303 (18) [MI*, 3293 (77) [M—H]"; HRMS calcd for CooHssN,:
331.2862 [M+H] ", found: 331.2867.

N-(4-((3-(2-Methylpiperidin-1-yl)propylamino)methyl)benzyl)-3-
(2-methylpiperidin-1-yl)propan-1-amine (1{8,8}). The procedure
was the same as that stated above for 1{4,4}, but was carried out
by using terephthalaldehyde (3) (0.43 g, 3.2 mmol), 1-(3-amino-
propyl)-2-methyl-piperidine 4{8} (1.04g, 6.4 mmol) and NaBH,
(0.25 g, 6.4 mmol) to give 1{8,8} as a pale-brown oil (1.33 g, 100 %).
'H NMR (300 MHz, CDCl,, 25°C, TMS): 6=7.27 (s, 4H; Ph), 3.77 (s,
4H; CH,Ph), 2.87 (m, 2H; CH.N), 2.73 (m, 2H; CH,,), 2.63 (t, *Jyu=
6.9 Hz, 4H; CH,NH), 2.36 (m, 2H; CH,N), 2.26 (m, 2H; CHCH;), 2.14
(brs, 2H; NH), 2.11 (m, 2H; CH,N),1.68 (quint, *Jy,=6.9 Hz, 4H;
CH,), 1.61 (m, 2H; CH,), 1.58 (m, 2H; CH,y), 1.52 (m, 2H; CH,,),
1.44 (m, 2H; CH,), 1.28 (m, 4H; CH,), 1.05 ppm (d, *Jy,,=6.3 Hz,
6H; CH,); *CNMR (75.5 MHz, CDCl;, 25°C): 0=138.8 (Cq), 128.0
(CH), 55.9 (CH), 53.7 (CH,), 52.3 (CH,), 52.1 (CH,), 48.3 (CH,), 34.7
(CH,), 26.2 (CH,), 25.7 (CH,), 24.0 (CH,), 19.1 ppm (CH,); IR (film):
7=3282 (NH), 2929, 2854, 2793 (CH), 1449, 1372 cm™' (CH); MS
(E): m/z (%): 4154 (0.4) [M+H]", 112.1 (100) [C,H.,NI*; Anal.
(CaeHagNs) €, H, N.

((4-(N-(Piperidin-1-yl)imino)methyl)phenyl)-N-(piperidin-1-yl)me-
thanamine (2{1,7}). Terephthalaldehyde (3) (0.99 g, 7.3 mmol), 1-
aminopiperidine 4{1} (1.51 g, 14.7 mmol) and 4 A molecular sieves
were mixed in anhyd MeOH (30 mL) and held at reflux under a N,
atmosphere for 16 h. The molecular sieves were filtered, and the
solvent was partially removed. The crude oil was cooled, and the
resulting precipitate was filtered and rinsed with cold MeOH to
give 2{1,1} as a yellow solid (1.42 g, 65%). '"H NMR (300 MHz, CDCl,,
25°C, TMS): 6=7.55 (s, 4H; Ph), 7.53 (s, 2H; CH=N), 3.16 (m, 8H;
CHN), 1.79-1.71 (m, 8H; CH,), 1.58-1.50 ppm (m, 4H; CH,);
3CNMR (75.5 MHz, CDCl,, 25°C): 6=136.0 (Cq), 134.3 (CH), 125.9
(CH), 52.1 (CH,), 25.3 (CH,), 24.2 ppm (CH,); IR (film): #=1576 cm™'
(C=N); Anal. (C;gH6N,) C, H, N.

4-((2-(Pyrrolidin-1-yl)ethylamino)methyl)benzaldehyde (7{4}). 4-
(Diethoxymethyl)benzaldehyde (5) (2.01 g, 9.3 mmol), 1-(2-aminoe-
thyl)pyrrolidine 4{4} (1.09 g, 9.3 mmol) and 4 A molecular sieves
were mixed in anhyd MeOH (30 mL) and held at reflux under a N,
atmosphere for 36 h. The molecular sieves were filtered and the in-
termediate imine in MeOH was cooled to 0°C and treated with
solid NaBH, (0.36 g, 9.3 mmol). The mixture was stirred at RT for
5h. Then H,0 was added, and the product was extracted with
CH,Cl,. The organic extracts were combined, washed with brine,
dried over MgSO,, and the solvent was removed to give the corre-
sponding 4-(diethoxymethyl)benzylamine as a yellow oil (2.66 g,
93%). This intermediate aminoacetal (2.64 g, 8.6 mmol) was treated
with 2m HCI (20 mL) at RT for 2 h. The resulting mixture was basi-
fied with NaOH and extracted with CH,Cl,. The CH,Cl, extracts
were combined, washed with brine, dried over MgSO,, and the sol-
vent was removed to give the product 7{4} as a brownish oil
(1.79 g, 89%). '"HNMR (300 MHz, CDCl;, 25°C, TMS): 6=10.00 (s,
1H; CHO), 7.84 (d, *},;y =8.1 Hz, 2H; Ph), 7.51 (d, *Jy4 =8.1 Hz, 2H;
Ph), 3.90 (s, 2H; CH,Ph), 2.75 (t, *J,y =6.0 Hz, 2H; CH,NH), 2.64 (t,
3JHH =6.0 Hz, 2H; CH,N), 2.51 (m, 4H; CH,N), 2.01 (brs, 1H; NH),
1.77 ppm (m, 4H; CH,); ®*CNMR (75.5 MHz, CDCl;, 25°C): 6=191.8
(CH), 147.6 (Cq), 135.1 (Cq), 129.7 (CH), 128.4 (CH), 55.8 (CH,), 54.2
(CH,), 53.7 (CH,), 47.8 (CH,), 23.5 ppm (CH,); IR (film): #=3309
(NH), 2961, 2930, 2875, 2799 (CH), 1700 (C=0), 1606 (CC), 1459,
1446 cm™' (CH); MS (El): m/z (%): 233.2 (1) [M+H] ", 232.2 (22) IM]*
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, 84.1 (100) [CsHyoNI¥; HRMS: m/z caled for C,H,N,0: 232.1576
[M+H]", found: 232.1572.

4-((3-(1H-Imidazol-1-yl)propylamino)methyl)benzaldehyde (7{6}).
The procedure was the same as that stated above for 7{4} but by
using 4-(diethoxymethyl)benzaldehyde (5) (2.01 g, 9.3 mmol), 1-(3-
aminopropyl)imidazole 4{6} (1.20 g, 9.3 mmol) and NaBH, (0.36 g,
9.3 mmol). The intermediate aminoacetal was obtained as a yellow
oil (2.68 g, 90%). This acetal (2.68 g, 9.3 mmol) was deprotected to
afford 7{6} (1.76 g, 86%) as a yellow oil. 'H NMR (300 MHz, CDCl,
25°C, TMS): 6=10.00 (s, 1H; CHO), 7.85 (d, *J;,; =8.1 Hz, 2H; Ph),
7.48 (d, 3_/H,H =8.1 Hz, 2H; Ph), 7.46 (s, TH; CHN), 7.05 (s, TH; CHN),
6.90 (s, 1H; CHN), 4.07 (t, >Jyy =6.9 Hz, 2H; CH,N), 3.85 (s, 2H;
CH,Ph), 2.62 (t, *Jyy =6.9 Hz, 2H; CH,NH), 1.95 (quint, >/, =6.9 Hz,
2H; CH,), 1.75ppm (brs, 1H; NH); *CNMR (75.5 MHz, CDCl,
25°C): 6=191.7 (CH), 147.2 (Cq), 137.0 (CH), 135.3 (Cq), 129.8 (CH),
129.3 (CH), 128.4 (CH), 118.7 (CH), 53.6 (CH,), 45.8 (CH,), 44.6 (CH,),
31.3 ppm (CH,). IR (film): ¥=3268 (NH), 3108, 2936, 2831, 2738
(CH), 1696 (C=0), 1606 (C-C), 1508 cm™' (imidazole); MS (El): m/z
(%): 244.1 (17) [M+H]I™, 243.1 (65) [M]*, 119.0 (100) [CeH,O17;
HRMS: m/z calcd for C,,H,;N;0: 243.1372 [M]*, found: 243.1366.

4-((3-(2-Methylpiperidin-1-yl)propylamino)methyl)benzaldehyde
(7{8}). The procedure was the same as that stated above for 7{4}
but by using 4-(diethoxymethyl)benzaldehyde (5) (2.01g,
9.3 mmol), 1-(3-aminopropyl)-2-methylpiperidine  4{8} (1.52 g,
9.3 mmol) and NaBH, (0.36 g, 9.3 mmol). The intermediate aminoa-
cetal was obtained as a yellow oil (3.18 g, 98 %). This acetal (3.18 g,
9.1 mmol) was deprotected to afford 7{8} (2.45 g, 98%) as a yellow
oil. '"H NMR (300 MHz, CDCl;, 25°C, TMS): §=10.00 (s, 1H; CHO),
7.85 (d, ¥y =8.1 Hz, 2H; Ph), 7.50 (d, *J,,=8.1 Hz, 2H; Ph), 3.87
(s, 2H; CH,NH), 2.87 (m, TH; CH.N), 2.77 (m, TH; CH.N), 2.65 (t,
*Jun =6.8Hz, 2H; CH,NH), 236 (m, 1H; CH,N), 227 (m, TH;
CHCH,), 2.1 (m, 1H; CH_N), 2.00 (brs, TH; NH), 1.75-1.48 (m, 6H;
CH,), 129 (m, 2H; CH,), 1.06 ppm (d, *Jy =6.0 Hz, 3H; CHy);
3CNMR (75.5 MHz, CDCl,, 25°C): 6=191.8 (CH), 147.7 (Cg), 135.2
(Cq), 129.8 (CH), 128.4 (CH), 56.1 (CH), 53.8 (CH,), 52.3 (CH,), 52.0
(CH,), 48.5 (CH,), 34.6 (CH,), 26.1 (CH,), 25.9 (CH,), 23.9 (CH,),
19.0 ppm (CH,); IR (film): #=3271 (NH), 2930, 2852, 2793, 2732
(CH), 1702 (C=0), 1606 (C—C), 1449, 1372 cm™" (CH); MS (El): m/z
(%): 275.2 (9) [M+H]*, 2742 (37) [MI*, 112.1 (100) [C,H,,NI*;
HRMS: m/z calcd for C;;H,N,0O: 274.2045 [M]*, found: 274.2046.

4-((Piperidin-1-ylimino)methyl)benzaldehyde (6{7}). Terephthalal-
dehyde (3) (1.00 g, 7.4 mmol) was dissolved in anhydrous MeOH
(30 mL) with 4 A molecular sieves, followed by the dropwise addi-
tion of a solution of 1-aminopiperidine 4{7} (0.38 g, 3.8 mmol) in
anhydrous MeOH (5 mL) under a N, atmosphere. The mixture was
held at reflux for 36 h. Upon removal of the solvent, the residue
was separated by chromatography on silica gel by eluting with
hexane/EtOAc (5:1). The resulting product was once again separat-
ed by chromatography on silica gel by eluting with CH,Cl, /EtOAc
(gradient 25:1 to 1:1) to give 6{7} (0.48 g, 60%) as a yellow oil.
'H NMR (300 MHz, CDCl,, 25°C, TMS): 6=9.96 (s, 1H; CHO), 7.83 (d,
*Juy =84 Hz, 2H; Ph), 7.71 (d, *Jyy =8.4 Hz, 2H; Ph), 7.48 (s, 1H;
CH=N), 3.25 (t, *Jy =5.7 Hz, 4H; CH,N), 1.76 (quint, *J; =5.7 Hz,
4H; CH,), 1.61-1.54 ppm (m, 2H; CH,); *C NMR (75.5 MHz, CDCl;,
25°C): 6=191.6 (CH), 142.8 (Cq), 135.0 (Cq), 131.0 (CH), 130.0 (CH),
125.8 (CH), 51.7 (CH,), 25.1 (CH,), 24.0 ppm (CH,); IR (film): 7=
2938, 2854, 2818, 2731 (CH), 1694 (C=0), 1605 (C—C), 1579 (C=N),
1549 (C—C), 1448 cm™' (CH); MS (El): m/z (%): 217.0 (17) [M+H]",
216.0 (100) [MIT; Anal. (C;3H6N,0) C, H, N.

4-((2,6-Dimethylpiperidin-1-ylimino)methyl)benzaldehyde (6{2}).
The procedure was the same as that stated above for 6{7} but ter-
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ephthalaldehyde (3) (3.82 g, 28.2 mmol) and 1-amino-2,6-dimethyl-
piperidine 4{2} (2.01 g, 14.1 mmol) were used. Upon removal of the
solvent, the residue was separated by chromatography on silica
gel by eluting with hexane/EtOAc (3:1) to afford 6{2} (2.71 g, 78 %)
as a yellow oil. '"H NMR (300 MHz, CDCl;, 25°C, TMS): 6=9.95 (s,
1H; CHO), 7.81 (d, *Jy, =8.3 Hz, 2H; Ph), 7.69 (d, *Ji,y =8.3 Hz, 2H;
Ph), 7.35 (s, TH; CH=N), 3.92 (m, 2H; CH-CH,), 1.87-1.56 (m, 6H;
CH,), 1.15ppm (d, *Jyy =6.6 Hz, 6H; CH;); CNMR (75.5 MHz,
CDCl,, 25°C): 6=191.5 (CH), 143.5 (Cq), 1344 (Cg), 130.0 (CH),
129.5 (CH), 125.3 (CH), 53.1 (CH), 30.8 (CH,), 18.3 (CH;), 15.6 ppm
(CH,); IR (film): 7#=2967, 2935, 2869, 2820, 2728 (C—H), 1693 (C=0),
1604 (C—C), 1572 (C=N), 1539 (C-C), 1468, 1372 cm™' (C-H); MS
(E): m/z (%): 245.2 (5) [M+H]*, 2442 (16) [M]T, 229.2 (100)
[C,4H,,N,01%, Anal. (C,sHxN,0) C, H, N.

N-(4-((2,6-Dimethylpiperidin-1-ylimino)methyl)benzyl)-2-(pyrroli-
din-1-yl)ethylamine (8{2,4}). 1-(2-Aminoethyl)pyrrolidine  4{4}
(0.52 g, 2.1 mmol) and 6{2} (0.52g, 2.1 mmol) were dissolved in
anhyd MeOH (30 mL). 4 A Molecular sieves were added, and the
mixture was held at reflux under a N, atmosphere for 36 h. The
molecular sieves were filtered, and the intermediate imine in
MeOH was cooled to 0°C and treated with solid NaBH, (0.08 g,
2.1 mmol). The reaction was stirred at RT for 16 h. Then H,0 was
added, and the product was extracted with CH,Cl,. The organic
layers were combined, washed with brine, dried over MgSO,, and
the solvent was removed to afford 8{2,4} as a yellow oil (0.61g,
85%). '"H NMR (300 MHz, CDCl,, 25°C, TMS): 6 =8.07 (s, 1H; CH=N),
7.64 (d, 2H, 3J=8.1 Hz; Ph), 7.34 (d, 2H, ®J=8.1 Hz; Ph), 3.83 (s,
2H; CHPh), 3.06 (m, 2H; CHCH,), 2.77 (t, ¥, =6.0Hz, 2H;
CH,NH), 2.63 (t, *Jy; =6.0 Hz, 2H; CH,N), 2.50 (m, 4H; CH,N), 2.34
(brs, 1H; NH), 1.77 (m, 8H; CH,), 1.50 (m, 2H; CH,), 1.00 ppm (d,
3Jun =6.3 Hz, 6H; CH3); IR (film): #=3311 (NH), 2962, 2931, 2872,
2794 (CH), 1624 (CC), 1584 (C=N), 1556 (C—C), 1459, 1447, 1369
(CH) cm™"; MS (El): m/z (%): 342.3 (0.5) [M]", 84.0 (100) [CsHoNI™;
HRMS: m/z calcd for C,;H3,N,: 342.2783 [M]*, found: 342.2786.

N-(4-((3-(1H-Imidazol-1-yl)propylamino)methyl)benzyl)-3-(2-
methylpiperidin-1-yl)propan-1-amine (1{6,8}). The procedure was
the same as that stated above for 8{2,4}, but 1-(3-aminopropyl)-2-
methyl-piperidine 4{8} (0.59 g, 3.6 mmol), 7{6} (0.88 g, 3.6 mmol)
and NaBH, (0.14 g, 3.6 mmol) were used to give 1{6,8} (1.20 g,
86%) as a yellow oil. '"H NMR (300 MHz, CDCl,, 25°C, TMS): 6 =7.44
(s, TH; CHN), 7.27 (s, 4H; Ph), 7.03 (s, 1H; CHN), 6.89 (s, 1H; CHN),
4.04 (t, *Jyy =6.9 Hz, 2H; CH,N), 3.77 (s, 2H; CH,Ph), 3.74 (s, 2H;
CHy-Ph), 2.87 (M, TH; CHeN), 274 (m, 1H; CH.N), 2.65 (t, *Juy
=6.9 Hz, 2H; CH,NH), 2.60 (t, >y, =6.9 Hz, 2H; CH,NH), 2.37 (m,
TH; CH,N), 2.27 (m, 1H; CHCHs), 2.12 (m, 1H; CH_N), 2.09 (brs,
2H; NH), 1.92 (quint, *J,4 =6.9 Hz, 2H; CH,), 1.72-1.53 (m, 6H;
CH,), 129 (m, 2H; CH,), 1.05ppm (d, *};y =6.3 Hz, 3H; CH,);
BCNMR (75.5 MHz, CDCl;, 25°C): =138.9 (Cq), 138.7 (Cq), 137.1
(CH), 129.2 (CH), 128.2 (CH), 128.0 (CH), 118.7 (CH), 56.0 (CH), 53.7
(CH,), 52.3 (CH,), 52.0 (CH,), 48.3 (CH,), 45.7 (CH,), 44.7 (CH,), 34.6
(CH,), 31.4 (CH,), 26.1 (CH,), 25.7 (CH,), 23.9 (CH,), 19.1 ppm (CH,);
IR (film): #=3277 (N-H), 3104, 2929, 2853, 2802 (C—H), 1508 (imi-
dazole), 1450, 1373 cm™' (CH); MS (El): m/z (%): 385.3 (2) [M+2H]",
384.3 (26) [M+H]1", 383.3 (4) [M1*, 112.0 (100) [C,H,,N1*; HRMS: m/
z caled for C,3H;,Ns: 383.3049 [M+H] ", found: 383.3048.

N-(4-((3-(4-Methylpiperazin-1-yl)propylamino)methyl)benzyl)-3-

(2-methylpiperidin-1-yl)propan-1-amine (1{8,9}). The procedure
was the same as that stated above for 8{2,4} but 1-(3-aminoprop-
yl)-2-methylpiperidine 4{8 (0.45g, 2.7 mmol), 7{% (0.75g9,
2.7 mmol) and NaBH, (0.10 g, 2.7 mmol) were used to give 1{8,9}
(0.45 g, 39%) as a yellow oil. '"H NMR (300 MHz, CDCl;, 25°C, TMS):
0=7.28 (s, 4H; Ph), 3.77 (s, 4H; CH,Ph), 2.88 (m, 1H; CH,N), 2.75
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(M, TH; CHN), 267 (t, *Jyy =6.6 Hz, 2H; CH,NH), 2.65 (t, Uy
=6.6 Hz, 2H; CH,NH), 2.43 (brs, 12H; CH,N, CH,,N, CHCH,), 2.27 (s,
3H; CH,N), 2.23 (brs, 2H; NH), 2.12 (m, 1H; CH,N), 1.76-1.53 (m,
8H; CH,), 1.32-1.21 (m, 2H; CH,,N), 1.05 ppm (d, *J,s =6.3 Hz, 3H;
CH,); CNMR (75.5 MHz, CDCl,, 25°C): 6=138.8 (Cq), 138.6 (Cq),
128.1 (CH), 128.0 (CH), 57.0 (CH,), 56.0 (CH), 55.1 (CH,), 53.7 (CH,),
53.2 (CH,), 52.3 (CH,), 52.0 (CH,), 48.3 (CH,), 48.1 (CH,), 46.0 (CH,),
34.5 (CH,), 26.9 (CH,), 26.0 (CH,), 25.6 (CH,), 23.9 (CH,), 19.0 ppm
(CH,); IR (film): #=3280 (N—H), 2931, 2875, 2852, 2793 (C—H), 1458,
1448, 1372 cm™' (C—H); MS (El): m/z (%): 415.4 (0.3) [MI*, 112.2
(100) [C,H,NIF; HRMS: m/z caled for CysHusNs: 4153675 [M]F,
found: 415.3660.

((4-(N-(4-Methylpiperazin-1-yl)imino)methyl)phenyl)-N-(piperi-
din-1-yl)methanamine (2{1,3}). 1-Amino-4-methylpiperazine 4{3}
(0.24 g, 2.3 mmol) and 6{3} (0.53 g, 2.3 mmol) were dissolved in an-
hydrous MeOH (30 mL). Molecular sieves (4 A) were added and the
mixture was held at reflux under a N, atmosphere for 36 h. The
molecular sieves were filtered, and the solvent was removed to
afford 2{7,3} as a yellow solid (0.69 g, 95%). 'H NMR (300 MHz,
CDCl;, 25°C, TMS): 0=7.56 (s, 4H; Ph), 7.53 (s, 1H; CH,Ph), 7.52 (s,
1H; CHy-Ph), 3.22 (t, *Jyy =5.1 Hz, 4H; CH,N), 3.17 (t, *Jyy =5.6 Hz,
4H; CH,N), 2.62 (t, *Jyy =5.1 Hz, 4H; CH,N), 2.36 (s, 3H; CH;), 1.75
(m, 4H; CH,), 1.54 ppm (m, 2H; CH,); *CNMR (75.5 MHz, CDCl;,
25°C): 0=136.4 (Cq), 135.6 (CH), 135.5 (Cq), 134.0 (CH), 126.2 (CH),
126.0 (CH), 54.6 (CH,), 52.1 (CH,), 51.0 (CH,), 46.0 (CH,), 25.3 (CH,),
24.2 ppm (CH,); IR (film): 7=2934, 2837, 2798 (C—H), 1577 (C=N),
1452, 1365 cm™" (C—H); MS (El): m/z (%): 315.2 (2) [M4+2H]", 314.2
(22) [M+H]*, 3132 (100) [M]"; HRMS: m/z calcd for CigHyNs:
313.2266 [M—H] ™", found: 313.2266.

4-((2-(Piperidin-1-yl)ethylamino)methyl)benzaldehyde (7{7}). 4-
(diethoxymethyl)benzaldehyde (5) (0.91 g, 4.2 mmol) and 1-(2-ami-
noethyl)piperidine 4{7} (0.55 g, 4.2 mmol) were dissolved in anhy-
drous MeOH (3 mL) in a 5 mL microwave reaction vessel. Na,SO,
was added and the vessel was sealed. The mixture was heated for
2 h at 100°C in the microwave. The mixture was filtered and the
solvent removed to yield N-(4-(diethoxymethyl)benzyliden)-2-(pi-
peridin-1-yl)ethanamine as a reddish oil (1.35¢g, 100%). 'H NMR
(300 MHz, CDCly, 25°C, TMS): 6=8.31 (s, 1H; CH=N), 7.71 (d, *Jy,
=8.1 Hz, 2H; Ph), 7.52 (d, *J4 =8.1 Hz, 2H; Ph), 5.53 (5, 1H; CH),
3.79 (t, *jyy =7.1 Hz, 2H; CH,N), 3.57 (m, 4H; CH,CH,), 2.68 (t, *Jyy
=7.1Hz, 2H; CH,N), 2.51 (brs, 4H; CH,N), 1.61 (m, 4H; CH,), 1.45
(m, 2H; CH,), 1.24ppm (t, *Jyy =7.1Hz, 6H; CH,). This imine
(1.32 g, 4.1 mmol) was dissolved in anhyd MeOH (30 mL), cooled to
0°C, and treated with solid NaBH, (0.16 g, 4.1 mmol). The mixture
was stirred at RT for 5h. Then H,0 was added, and the product
was extracted with CH,Cl,. The organic extracts were combined,
washed with brine, dried over MgSO,, and the solvent was re-
moved to give N-(4-(diethoxymethyl)benzyl)-2-(piperidin-1-yl)-
ethanamine as a yellow oil (1.23 g, 92%). '"H NMR (300 MHz, CDCl,,
25°C, TMS): 6=7.42 (d, *Jyy =8.1Hz, 2H; Ph), 731 (d, *}y
=8.1Hz, 2H; Ph), 5.49 (s, TH; CH), 3.80 (s, 2H; CH,Ph), 3.57 (m,
4H; CH,CHy), 271 (t, ¥y =63 Hz, 2H; CHNH), 246 (t, ),
=6.3 Hz, 2H; CH,N), 2.36 (br, 4H; CH,N), 2.24 (brs, 1H; NH), 1.56
(quint, *Jy =5.7 Hz, 4H; CH,), 1.43 (m, 2H; CH,), 1.23 ppm (t, *yy
=7.1 Hz, 3H, CH,). This aminoacetal (2.64 g, 8.6 mmol) was treated
with 2m HCl (20 mL) at RT for 2 h. The resulting mixture was basi-
fied with NaOH and extracted with CH,Cl,. The CH,Cl, extracts
were combined, washed with brine, dried over MgSO,, and the sol-
vent was removed to afford aldehyde 7{7} as a brownish oil
(0.87 g, 94%). 'HNMR (300 MHz, CDCl;, 25°C, TMS): =10.00 (s,
1H; CHO), 7.84 (d, *Jyy =8.1 Hz, 2H; Ph), 7.50 (d, *J44 =8.1 Hz, 2H;
Ph), 3.89 (s, 2H; CH,-Ph), 2.70 (t, 3JH,H =6.2 Hz, 2H; CH,NH), 2.47 (t,
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*Jun =6.2 Hz, 2H; CH,N), 2.36 (br, 4H; CH,N), 2.18 (brs, 1H; NH),
1.57 (quint, *J,;,; =5.7 Hz, 4H; CH,), 1.43 ppm (m, 2H; CH,).

N-(4-((2-(Piperidin-1-yl)ethylamino)methyl)benzyl)-3-(2-methylpi-
peridin-1-yl)propan-1-amine (1{7,8}). 1-(3-aminopropyl)-2-methyl-
piperidine 4{8} (0.44 g, 2.7 mmol) and 7{7} (0.66 g, 2.7 mmol) were
dissolved in anhyd MeOH (3mL) in a 5mL microwave vessel,
Na,SO, was added, and the vessel was sealed. The mixture was
heated for 2 h at 100°C in the microwave. Then it was filtered, di-
luted with MeOH (10 mL), cooled to 0°C, and treated with solid
NaBH, (0.10 g, 2.7 mmol). The mixture was stirred at RT for 4 h.
Then H,0 was added and the product was extracted with CH,Cl,.
The organic extracts were combined, washed with brine, dried
over MgSO, and the solvent was removed to give 1{7,8} as a
yellow oil (0.98 g, 95%). 'H NMR (300 MHz, CDCl,, 25°C, TMS): 6 =
7.27 (s, 4H; Ph), 3.78 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 2.86 (m,
TH; CHeN), 2.78 (m, TH; CHeN), 2.69 (t, *Jyy =6.3 Hz, 2H; CH,NH),
263 (t, *Jyy =6.9 Hz, 4H; CH,NH), 2.44 (t, *J,;; =6.3 Hz, 2H; CH,N),
234 (m, 5H; CH,N, CH,N), 2.25 (m, 1H; CHCH,), 2.11 (m, 1H;
CH,N), 2.07 (brs, 2H; NH), 1.68 (quint, *Jy4 =6.9 Hz, 2H; CH,), 1.55
(m, 8H; CH,), 1.42 (m, 2H; CH,), 1.28 (m, 2H; CH,,), 1.05 ppm (d,
*Jyn =6.3 Hz, 3H; CH,); ®CNMR (75.5 MHz, CDCl,, 25°C): §=139.0
(Cq), 138.8 (Cq), 128.0 (CH), 58.6 (CH,), 55.9 (CH), 54.7 (CH,), 53.7
(CH,), 52.3 (CH,), 52.1 (CH,), 48.3 (CH,), 45.9 (CH,), 34.7 (CH,), 26.2
(CH,), 26.1 (CH,), 25.7 (CH,), 24.5 (CH,), 24.0 (CH,), 19.1 ppm (CH,);
IR (film): #=3301 (N—H), 2932, 2852, 2802 (C—H), 1467, 1443,
1373 cm™' (C—H); Anal. (C,,H,,N,) C, H, N.

Biological evaluation

Antiviral activity: HIV-1 strains were titered in MT-4 cells after
acute infection, and infectivity was measured by evaluating the cy-
topathic effect that was induced after 5day cultures as de-
scribed.® Anti-HIV activity (ECs,) and cytotoxicity (CCs,) measure-
ments in MT-4 cells were based on the viability of cells that had
been infected or not infected with HIV-1, all were exposed to vari-
ous concentrations of the test compound. After the MT-4 cells
were allowed to proliferate for 5 days, the number of viable cells
was quantified by a tetrazolium-based colorimetric method (MTT
method) as described.

Time-of-drug-addition studies: MT-4 cells were infected with HIV-
1 NL4-3 at a multiplicity of infection of 0.5 and incubated for 1 h
at 20°C in the presence or absence of test compounds. Cells were
then washed twice in cool PBS and seeded in 96-well plates at a
concentration of 2x10° cells per well (final volume 200 pL) at a
temperature of 37°C. Test compounds, dextran sulfate, AMD3100,
C34 or AZT were added at various times post-infection, or the cells
were cultured in the absence of drug (control). Test compounds
were added at concentrations that completely block HIV replica-
tion (roughly 100-fold higher than the determined ECs,) of each
drug in the standard assay performed with MT-4 cells. Virus pro-
duction was measured by p24 antigen determination in the cell su-
pernatant 30 h post-infection with a commercial p24 antigen ELISA
(Innogenetics, Barcelona, Spain).”"
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Supporting Information

Blind docking and binding pocket docking analyses for the calculated CXCR4-compound 1{8,8} complex and experimental details and spectral
data for compounds 1{5,5}, 1{6,6}, 1{7,7}, 1{9,9}, 1{10,10}, 1{11,11}, 2{2,2}, 2{3,3}, 7{5}, 7{7}, 7{9}, 7{10}, 7{11}, 6{3}, 8{2,6}, 8{2,8}, 8{2,9},
8{2,11}, 8{3,4}, 1{4,5}, 1{4,6}, 1{4,9}, 1{4,11}, 1{5,6}, 1{5,7}, 1{5,8}, 1{5,9}, 1{5,10}, 1{5,11}, 1{6,7}, 1{6,9}, 1{6,10}, 1{6,11}, 1{7,9}, 1{7,11},
1{8,10}, 1{8,11}, 1{9,10}, 1{9,11}, 1{10,11}, 8{1,5}, 8{1,6}, 8{1,8}, 8{1,9}, 8{1,11}, 8{2,5}, 8{3,5}, 8{3,6}, 8{3,8}, 8{3,9} and 8{3,71}.

Table. Blind docking and binding pocket docking analyses for the calculated
CXCR4-compound 1{8,8} complex. This table shows the distances from the
carboxylic oxygens of the three key binding residues Asp171, Asp262, and
Glu288, to the four nitrogens (N27, N21, N8, N13) of 1{8,8}. The lowest
interaction distances are shown in bold. The nitrogen atoms of 1{8,8} are
charged according to physiological pH.
Blind docking @ Binding pocket docking
10.11 (N+27) 10.25 (N+8)
9.36 (N+13) 7.22 (N+27)
Distance to O° 12.84 (N+27) 8.00 (N+13)
(sp3) Asp™" (A) 11.06 (N+27) :
8.98 (N+27)
7.98 (N+13) 9.70 (N+8)
9.08 (N+N+27) ’
Average 10.07 8.83
8.22 (N+21) 8.08 (N+8)
7.18 (N+13) 5.87 (N+27)
Distance to O 10.82 (N+27) 5.81 (N+13)
(sp2) Asp'! (A) 8.93 (N+27) -
6.80 (N+27)
6.88 (N+13) 7.51 (N+8)
6.97 (N+27) ’
Average 8.17 6.81
8.02 (N+27) 4.80 (N+21)
5.42 (N+21) 8.63 (N+13)
Distance to O° 3.74 (N+21) 7'39 (N+21)
(sp3) Asp®® (A) 4.45 (N+21) .
3.86 (N+21)
6.72 (N+8) 487 (N+21
6.74 (N+21) 87 ( )
Average 5.85 5.91
6.64 (N+27) 4.90 (N+21)
5.83 (N+21) 6.86 (N+27)
Distance to O 4.88 (N+21) 6.23 (N+8)
(sp2) Asp®® (A) 4.72 (N+21) .
5.43 (N+21)
5.24 (N+8) 4.81 (N+21)
5.28 (N+21) ’
Average 5.43 5.65
6.28 (N+27) 4.93 (N+13)
4.10 (N+8) 3.90 (N+8)
Distance to O 4.75 (N+27) ’
288 4.34 (N+27)
(sp3) GIu™ (A) 6.31 (N+21)
7.86 (N+13)
3.95 (N+8) 4.04 (N+13
5.37 (N+8) 04( )
Average 5.13 4.96
3.83 (N+8)
5.84 (N+21) 4.83 (N+13)
Distance to O 4.94 (N+8) ig; (:12)7
(sp2) GILZ® (A) 5.09 (N+8) -05 ( )
3.06 (N+21) 8.60 (N+13)
3.63 (N+8) 4.30 (N+1 3)
Average 4.42 4.96
[a] For blind docking analysis all distances refer to the AUTODOCK pose
with the lowest overall distance between the compound nitrogens and the
three key binding residues.




[b] For binding pocket docking analysis all distances refer to the lowest
energy AUTODOCK pose.

N*13

N*8
NN
H H
O\‘\/\/N\/Q/\

N*27 N*21

N-(4-((3-(pyrrolidin-1-yl)propylamino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (1{5,5}). The procedure was the same as that
stated for 1{4,4} but using terephthalaldehyde (3) (1.47 g, 11.1 mmol), 1-(3-aminopropyl)pyrrolidine 4{5} (1.47 g, 11.1 mmol) and NaBH,(0.43 g,
11.1 mmol) to give 1{5,5} as a yellow oil (1.98 g, 99%). IR (film): v=3282 (N-H), 2936, 2789 (C-H), 1458 cm’” (C-H); 'H-NMR (300 MHz, CDCls,
25 °C, TMS): d=7.26 (s, 4H; Ph), 3.77 (s, 4H; CH»-Ph), 2.69 (t, °J (H,H)=7.0 Hz, 4H; CH»-NH), 2.49 (m, 12H; CH2-N), 2.08 (br, 2H; NH), 1.75
ppm (M, 12H; CH,); "*C-NMR (75.5 MHz, CDCls, 25 °C): d=138.5 (Cq), 128.0 (CH), 54.6 (CH,), 54.1 (CHy), 53.5 (CHy), 47.9 (CH,), 28.8 (CHy),
23.4 ppm (CHy); MS (El): m/z (%): 359.2 (1) [M*+H], 84.0 (100) [CsH1oN"]; HRMS: Calcd for (Ca2HagNa): 359.3175. Found: 359.3169.

N-(4-((3-(1H-imidazol-1-yl)propylamino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (1{6,6}). The procedure was the same as that
stated for 1{4,4} but using terephthalaldehyde (3) (0.54 g, 3.9 mmol), 1-(3-aminopropyl)imidazole 4{6} (1.00 g, 7.8 mmol) and NaBH,(0.30 g, 7.8
mmol) to afford 1{6,6} as a yellow oil (1.38 g, 100%). IR (film): v=3277 (N-H), 3103, 2935, 2815 (C-H), 1508 (imidazol), 1453 cm™ (C-H); "H-
NMR (300 MHz, CDCls, 25 °C, TMS): d=7.41 (s, 2H; CH-N), 7.26 (s, 4H; Ph), 7.02 (s, 2H; CH-N), 6.88 (s, 2H; CH-N), 4.04 (t, °J (H,H)=6.9 Hz,
4H; CH,-N), 3.74 (s, 4H; CH,-Ph), 2.60 (t, °J (H,H)=6.9 Hz, 4H; CH,-NH), 2.05 (s, 2H; NH), 1.92 ppm (quint, >J (H,H)=6.9 Hz, 4H; CH,); "*C-
NMR (75.5 MHz, CDCl;, 25 °C): d=138.8 (CH), 137.1 (Cq), 129.2 (CH), 128.2 (CH), 118.7 (CH), 53.6 (CH>), 45.6 (CH), 44.6 (CH,), 31.3 ppm
(CHa); MS (El): m/z (%): 353.0 (1) [M"+H], 228.9 (100) [C14H1sN3"]; HRMS: Calcd for CaoHagNg [M+1H]": 352.2454. Found: 353.2448.

N-(4-((2-(piperidin-1-yl)ethylamino)methyl)benzyl)-2-(piperidin-1-yl)ethanamine (1{7,7}). The procedure was the same as that stated for
1{4,4} but using terephthalaldehyde (3) (0.29 g, 2.1 mmol), 1-(2-aminoethyl)piperidine 4{7} (0.56 g, 4.3 mmol) and NaBH, (0.16 g, 4.3 mmol) to
give 1{7,7}as a yellow oil (0.76 g, 100%). IR (film): v=3310 cm™ (N-H); "H-NMR (300MHz, CDCls, 25 °C, TMS): d=7.32 (s, 4H; Ph), 3.75 (s, 4H;
CH,-Ph), 2.69 (t, °J (H,H)=7.0 Hz, 4H; CH,-NH), 2.47 (t, °J (H,H)=7.0 Hz, 4H; CH,-N), 2.39 (m, 8H; CH-N), 1.62-1.39 ppm (m, 12H; CH,); °C-
NMR (75.5MHz, CDCls, 25 °C): d=139.4 (Cq), 129.6 (CH), 59.0 (CH,), 55.7 (CH3), 54.1 (CH.), 46.1 (CH.), 26.7 (CH,), 25.2 ppm (CH.); Anal.
(C22H3sNs) C, H, N.

N-(4-((3-(4-methylpiperazin-1-yl)propylamino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (1{9,9}). The procedure was the
same as that stated for 1{4,4} but using terephthalaldehyde (3) (0.48 g, 3.5 mmol), 1-(3-aminopropyl)-4-methylpiperazine 4{9} (1.14 g, 7.0 mmol)
and NaBH, (0.27 g, 7.0 mmol) to give 1{9,9} as a brown oil (1.28 g, 87%). IR (film): v=3281 (N-H), 2935, 2793 (C-H), 1458 cm’” (C-H); "H-NMR
(300 MHz, CDCls, 25 °C, TMS): d=7.26 (s, 4H; Ph), 3.76 (s, 4H; CH2-Ph), 2.66 (t, °J (H,H)=6.9 Hz, 4H; CH,-NH), 2.42 (m, 22H; CH,-N, NH),
2.27 (s, 6H; CHg), 1.70 ppm (quint, >J (H,H)=6.9 Hz, 4H; CH,); ">C-NMR (75.5 MHz, CDCls, 25 °C): d=138.8 (Cq), 128.0 (CH), 57.0 (CH,), 55.1
(CHy), 53.7 (CHy), 53.2 (CH,), 48.1 (CH,), 46.0 (CHs), 26.9 ppm (CHy); MS (El): m/z (%): 417.0 (9) [M"+H], 416.0 (28) [M"], 113.0 (100)
[CeH13N2"]; HRMS: Calcd for Co4HasNg [M+1H]™: 417.3706. Found: 417.3700.

N-(4-((2-morpholinoethylamino)methyl)benzyl)-2-morpholinoethylamine (1{70,70}). The procedure was the same as that stated for 1{4,4}
but using terephthalaldehyde (3) (0.54 g, 4.0 mmol), 2-morpholinoethylamine 4{70} (1.05 g, 8.0 mmol) and NaBH,4 (0.31 g, 8.0 mmol) to give
1{10,10} as a white solid (0.93 g, 64%). IR (film): v=3341 (N-H), 2968, 2930, 2817 (C-H), 1446 (C-H), 1117, 830 ém™ (C-O-C); 'H-NMR (300
MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 4H; CH2-Ph), 3.69 (t, °J (H,H)=4.6 Hz, 8H; CH,-0), 2.70 (t, °J (H,H)=6.0 Hz, 4H; CH,-NH),
250 (t, °J (H,H)=6.0 Hz, 4H; CH,-N), 2.403 (t, °J (H,H)=4.6 Hz, 8H; CH2-N), 1.82 ppm (s, 2H; NH); C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0
(Cq), 128.0 (CH), 67.0 (CH,), 58.3 (CHy), 53.7 (CH,), 45.3 ppm (CHy); Anal. (C20H34N4O2) C, H, N. MS (El): m/z (%) 363.4 (5) [M"+H], 362.4 (6)
[M*], 100.0 (100) [CsH1,NO™.

N-(4-((3-morpholinopropylamino)methyl)benzyl)-3-morpholinopropan-1-amine (1{71,71}). The procedure was the same as that stated for
1{4,4} but using terephthalaldehyde (3) (0.47 g, 3.5 mmol), 3-morpholinopropylamine 4{77} (1.00 g, 7.0 mmol) and NaBH,4 (0.27 g, 7.0 mmol) to
give 1{11,71} as a yellow oil (1.16 g, 85%). IR (film): v=3301(N-H), 2948, 2852, 2806 (C-H), 1456 (C-H), 1118, 862 cm™ (C-O-C); 'H-NMR (300
MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 4H; CH»-Ph), 3.70 (t, °J (H,H)=4.6 Hz, 8H; CH,-0), 2.68 (t, °J (H,H)=7.0 Hz, 4H; CH,-NH),
2.41 (m, 12H; CH,-N), 1.81 (s, 2H; NH), 1.70 ppm (quint, °J (H,H)=7.0 Hz, 4H; CH,); ®C-NMR (75.5 MHz, CDCl;, 25 °C): d=138.9 (Cq), 128.0
(CH), 67.0 (CHy), 57.4 (CHy), 53.8 (CH,), 48.0 (CH), 26.8 ppm (CHy). MS (El): m/z (%) 390.3 (2) [M"], 100.0 (100) [CsH1,NO']; HRMS: Calcd for
C22HasN4O,: 390.2995. Found: 390.3007.

((4-(N-(2,6-dimethylpiperidin-1-yl)imino)methyl)phenyl)-N-(2,6-dimethylpiperidin-1-yl)methanamine (2{2,2}). The procedure was the same
as that stated for 2{1, 1} but using terephthalaldehyde (3) (0.57 g, 4.2 mmol) and 1-amino-2,6-dimethylpiperidine 4{2} (1.20 g, 8.4 mmol) to give
2{2,2} as a yellow solid (1.05 g, 65%). IR (film): v=1684 cm™ (C=N); "H-NMR (300MHz, CDCls, 25 °C, TMS): d=7.87 (s, 2H; CH=N), 7.64 (s, 4H;
Ph), 3.31-3.27 (m, 4H; CH-CHj), 1.83-1.51 (m, 12H; CHy), 1.03 ppm (d, >J (H,H)=6.0 Hz, 12H; CHs); *C-NMR (75.5 MHz, CDCls, 25 °C):
d=146.6 (CH), 136.0 (Cq), 126.8 (CH), 56.1 (CH), 32.4 (CHy), 20.0 (CHs), 19.9 ppm (CH); Anal. (C22HzsN4) C, H, N.

((4-(N-(4-methylpiperazin-1-yl)imino)methyl)phenyl)-N-(4-methylpiperazin-1-yl)methanamine (2{3,3}). The procedure was the same as
that stated for 2{7, 7} but using terephthalaldehyde (3) (0.37 g, 2.7 mmol) and 1-amino-4-methylpiperazine 4{3} (0.64 g, 5.4 mmol) to give 2{3,3}
as a yellow solid (0.67 g, 75%). IR (film): v=1579 cm™ (C=N); '"H-NMR (300MHz, CDCl): d=7.57 (s, 4H; Ph), 7.53 (s, 2H; CH=N), 3.23 (m, 8H;
CH2-N), 2.62 (m, 8H; CH,-N), 2.36 ppm (s, 6H; CHs); "°C-NMR (75.5MHz, CDCls, 25 °C): d=135.8 (Cq), 135.4 (CH), 126.2 (CH), 54.5 (CHy),
51.0 (CH.), 46.0 ppm (CHs); Anal. (C1sH2sNg) C, H, N.



4-((3-(pyrrolidin-1-yl)propylamino)methyl)benzaldehyde (7{5}). The procedure was the same as that stated for 7{4} but using
4-(diethoxymethyl)benzaldehyde (5) (6.01 g, 28.0 mmol), 1-(3-aminopropyl)pyrrolidine 4{5} (3.70 g, 28.0 mmol) and NaBH4 (1.07 g, 28.0 mmol).
The intermediate aminoacetal was obtained as a yellow oil (8.01 g, 89%). This acetal (7.98 g, 24.9 mmol) was deprotected to afford 7{5} (4.59 g,
75%) as a red oil. IR (film): v=3276 (N-H), 2934, 2874, 2790 (C-H), 1700 (C=0), 1606 (C-C), 1458 cm™ (C-H); "H-NMR (300 MHz, CDCl, 25 °C,
TMS): d=10.00 (s, 1H; CHO), 7.84 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.50 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.88 (s, 2H; CH,-Ph), 2.70 (t, *J (H,H)=7.0 Hz,
2H; CH2-NH), 2.51 (m, 6H; CH,-N), 1.87 (br, 1H; NH), 1.75 ppm (m, 6H; CH,); "*C-NMR (75.5 MHz, CDCls, 25 °C): d=191.8 (CH), 147.7 (Cq),
135.2 (Cq), 129.8 (CH), 128.3 (CH), 54.7 (CH), 54.3 (CH.), 53.7 (CHy), 48.2 (CH,), 29.2 (CH,), 23.5 ppm (CH); Anal. (C4sH22N,0) C, H, N; MS
(EN): m/z (%): 247.2 (2) [M"+H], 246.2 (21) [M"], 84.1 (100) [CsH1oN"].

4-((2-(piperidin-1-yl)ethylamino)methyl)benzaldehyde (7{7}). The procedure was the same as that stated for 7{4} but using
4-(diethoxymethyl)benzaldehyde (5) (2.01 g, 9.4 mmol), 1-(2-aminoethyl)piperidine 4{7} (1.23 g, 9.4 mmol) and NaBH, (0.36 g, 9.4 mmol). The
intermediate aminoacetal was obtained as a yellow oil (2.79 g, 93%). This acetal (2.75 g, 8.6 mmol) was deprotected to afford 7{7} (2.11 g,
quantitative) as a yellow oil. IR (film): v=3308 (N-H), 3050, 2934, 2851, 2809 (C-H), 1701 (C=0), 1606 (C-C), 1453 cm” (C-H); "H-NMR (300
MHz, CDCls, 25 °C, TMS): d=10.00 (s, 1H; CHO), 7.84 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.50 (d, *J (H,H)=8.1 Hz, 2H; Ph), 3.89 (s, 2H; CH,-Ph),
2.70 (t, °J (H,H)=6.2 Hz, 2H; CHx-NH), 2.47 (t, %J (H,H)=6.2 Hz, 2H, CH,-N), 2.36 (br, 4H; CH,-N), 2.18 (br, 1H; NH), 1.57 (quint, °J (H,H)=5.7 Hz,
4H; CH,), 1.43 ppm (m, 2H; CH,); C-NMR (75.5 MHz, CDCls, 25 °C): d=191.8 (CH), 147.7 (Cq), 135.2 (Cq), 129.8 (CH), 128.4 (CH), 58.4
(CHy), 54.7 (CHy), 53.7 (CHy), 45.9 (CHa), 25.9 (CHy,), 24.4 ppm (CH,); Anal. (C1sH22N20) C, H, N; MS (El): m/z (%): 246.2 (8) [M'], 98.1 (100)
[CeH12N"]; HRMS: Calcd for Ci5H2oN20: 246.1732. Found: 246.1731.

4-((3-(4-methylpiperazin-1-yl)propylamino)methyl)benzaldehyde (7{9}). The procedure was the same as that stated for 7{4} but using
4-(diethoxymethyl)benzaldehyde (5) (2.00 g, 9.3 mmol), 1-(3-aminopropyl)-4-methylpiperazine 4{9} (1.49 g, 9.3 mmol) and NaBH, (0.36 g, 9.3
mmol). The intermediate aminoacetal was obtained as a yellow oil (2.94 g, 90%). This acetal (2.93 g, 8.4 mmol) was deprotected to afford 7{9}
(2.31 g, quantitative) as a brown oil. IR (film): v=3276 (N-H), 2936, 2875, 2794, 2769, 2740 (C-H), 1700 (C=0), 1606 (C-C), 1458 cm” (C-H); H-
NMR (300 MHz, CDCls, 25 °C, TMS): d=10.00 (s, 1H; CHO), 7.85 (d, >J (H,H)=8.1 Hz, 2H; Ph), 7.50 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.87 (s, 2H;
CH.-Ph), 2.69 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.45 (br, 8H; CH,-N), 2.42 (t, °J (H,H)=6.9 Hz, 2H; CH,-N), 2.27 (s, 3H; CHs), 2.08 (br, 1H; NH),
1.72 ppm (quint, *J (H,H)=6.9 Hz, 2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=191.8 (CH), 147.7 (Cq), 135.2 (Cq), 129.8 (CH), 128.3 (CH),
57.0 (CHy), 55.1 (CHy), 53.7 (CHy), 53.2 (CHy), 48.3 (CHy), 46.0 (CHs), 27.0 ppm (CHy); MS (El): m/z (%): 276.2 (4) [M'+H], 275.2 (26) [M],
231.2 (100) [C14H21N3"]; HRMS: Calcd for C16HasN30: 275.1998. Found: 275.2001.

4-((2-morpholinoethylamino)methyl)benzaldehyde (7{10}). The procedure was the same as that stated for 7{4} but using
4-(diethoxymethyl)benzaldehyde (5) (2.00 g, 9.3 mmol), 2-morpholinoethylamine 4{70} (1.23 g, 9.3 mmol) and NaBH, (0.36 g, 9.3 mmol). The
intermediate aminoacetal was obtained as a yellow oil (2.55 g, 85%). This acetal (2.52 g, 7.8 mmol) was deprotected to afford 7{70} (1.94 g,
quantitative) as a brown oil. IR (film): v=3309 (N-H), 2954, 2917, 2894, 2852, 2818 (C-H), 1698 (C=0), 1607 (C-C), 1455 (C-H), 1117, 852cm’"
(C-0-C); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=10.00 (s, 1H; CHO), 7.86 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.50 (d, °J (H,H)=8.1 Hz, 2H; Ph),
3.90 (s, 2H; CH2-Ph), 3.70 (t, °J (H,H)=4.5 Hz, 4H; CH,-0), 2.71 (t, °J (H,H)=6.0 Hz, 2H; CH2-NH), 2.51 (t, °J (H,H)=6.0 Hz, 2H; CH2-N), 2.42 (t,
%J (H,H)=4.5 Hz, 4H; CH2-N), 1.93 ppm (br, 1H; NH); >C-NMR (75.5 MHz, CDCl;, 25 °C): d=191.7 (CH), 147.5 (Cq), 135.2 (Cq), 129.8 (CH),
128.4 (CH), 66.9 (CH,), 58.2 (CH,), 53.7 (CHy), 45.4 ppm (CHa); MS (IE): m/z (%) 249.2 (0.3) [M"+H], 248.2 (8) [M"], 100.0 (100) [CsH1,NO"];
HRMS: Calcd for C44H2oN2O,: 248.1525. Found: 248.1531.

4-((3-morpholinopropylamino)methyl)benzaldehyde (7{77}). The procedure was the same as that stated for 7{4} but using
4-(diethoxymethyl)benzaldehyde (5) (2.01 g, 9.3 mmol), 3-morpholinopropylamine 5{77} (1.35 g, 9.3 mmol) and NaBH, (0.36 g, 9.3 mmol). The
intermediate aminoacetal was obtained as a yellow oil (2.91 g, 92%). This acetal (2.86 g, 8.5 mmol) was deprotected to afford 7{77} (1.60 g,
72%) as a yellow oil. IR (film): v=3307 (N-H), 2950, 2892, 2853, 2814 (C-H), 1698 (C=0), 1607 (C-C), 1457 (C-H), 1117, 861 cm™ (C-O-C); 'H-
NMR (300 MHz, CDCls, 25 °C, TMS): d=10.00 (s, 1H; CHO), 7.85 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.50 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.88 (s, 2H;
CH,-Ph), 3.70 (t, °J (H,H)=4.7 Hz, 4H; CH»-0), 2.70 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.45-2.39 (m, 6H; CH,-N), 1.81 (br, 1H; NH), 1.72 ppm
(quint, °J (H,H)=6.9 Hz, 2H; CH,); ">C-NMR (75.5 MHz, CDCls, 25 °C): d=191.2 (CH), 147.6 (Cq), 135.2 (Cq), 129.8 (CH), 128.3 (CH), 66.9
(CHy), 57.3 (CHa), 53.8 (CHy), 53.7 (CHy), 48.1 (CH,), 26.7 ppm (CH2); MS (El): m/z (%) 262.2 (3) [M"], 84.0 (100) [CsH1oN"]; HRMS: Calcd for
C1sH2N,0, : 262.1681. Found: 262.1682.

4-((4-methylpiperazin-1-ylimino)methyl)benzaldehyde (6{3}). The procedure was the same as that stated for 6{7} but using
terephthalaldehyde (3) (1.14 g, 8.4 mmol) and 1-amino-4-methylpiperazine 4{3} (0.50 g, 4.2 mmol). Upon removal of the solvent, the residue
was chromatographed on silica gel, eluting with DCM/MeOH (gradient from 10:0 to 9:1) to afford 6{3} (0.80 g, 82%) as a yellow solid. IR
(film): v= 2941, 2843, 2799, 2728 (C-H), 1692 (C=0), 1605 (C-C), 1581 (C=N), 1551 (C-C), 1451, 1364 cm™ (C-H); "H-NMR (300MHz, CDCls,
25 °C, TMS): d=9.98 (s, 1H; CHO), 7.84 (d, °J (H,H)=7.7 Hz, 2H; Ph), 7.72 (d, *J (H,H)=7.7 Hz, 2H; Ph), 7.50 (s, 1H; CH=N), 3.30 (t, °J
(H,H)=5.1 Hz, 4H; CH,-N), 2.62 (t, °J (H,H)=5.1 Hz, 4H; CH,-N), 2.37 ppm (s, 3H; CHs); "*C-NMR (75.5 MHz, CDCls, 25 °C): d=191.6 (CH),
142.1 (Cq), 135.3 (Cq), 132.6 (CH), 130.0 (CH), 126.1 (CH), 54.3 (CHy), 50.6 (CH,), 46.0 ppm (CHs); MS (El): m/z (%): 232.1 (12) [M"+H], 99.0
(100) [CsH41N2"]; HRMS: Calcd for C3H17N30: 231.1372. Found: 231.1376.

N-(4-((2,6-dimethylpiperidin-1-ylimino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (8{2,6}). The procedure was the same as that
stated for 8{2,4} but using 1-(3-aminopropyl)imidazole 4{6} (0.26 g, 2.0 mmol), 6{2} (0.26 g, 2.0 mmol) and NaBH, (0.08 g, 2.0 mmol) to give
8{2,6} (0.70 g, 100%) as a yellow oil. IR (film): v=3284 (N-H), 3106, 2961, 2931, 2867, 2856, 2824 (C-H), 1624 (C-C), 15682 (C=N), 1552 (C-C),
1508 (imidazol), 1449, 1369 cm™ (C-H); 'H-NMR (300 MHz, CDCls, 25 °C, TMS): d=8.04 (s, 1H; CH=N), 7.65 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.46
(s, 1H; CH-N), 7.31 (d, *J (H,H)=8.1 Hz, 2H; Ph), 7.04 (s, 1H; CH-N), 6.89 (s, 1H; CH-N), 4.05 (t, °J (H,H)=6.9 Hz, 2H; CH,-N), 3.77 (s, 2H; CH,-
Ph), 3.10 (m, 2H; CH-CHs), 2.61 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 1.93 (quint, °J (H,H)=6.9 Hz, 2H; CH,), 1.85 (br, 1H; NH), 1.77 (m, 4H; CH,),
1.51 (m, 2H; CH,), 1.00 ppm (d, °J (H,H)=6.6 Hz, 6H; CHs); >*C-NMR (75.5 MHz, CDCls, 25 °C): d=151.7 (CH), 141.4 (Cq), 137.0, (CH) 134.0
(Cq), 129.2 (CH), 128.2 (CH), 127.3 (CH), 118.7 (CH), 57.2 (CH), 53.7 (CH), 45.7 (CH.), 44.7 (CH,), 32.8 (CH.), 31.4 (CH,), 21.2 (CH,), 20.5
ppm (CHs); MS (El): m/z (%): 354.2 (5) [M"+H], 112.1 (100) [C7H14N"]; HRMS: Calcd for C21HayNs [M+1H]": 354.2658. Found: 354.2666.

N-(4-((2,6-dimethylpiperidin-1-ylimino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-amine (8{2,8}). The procedure was the same as

that stated for 8{2,4} but using 1-(3-aminopropyl)-2-methyl-piperidine 4{8} (0.35 g, 2.1 mmol), 6{2} (0.52 g, 2.1 mmol) and NaBH, (0.08 g, 2.1
mmol) to give 8{2,8} (0.77 g, 93%) as a yellow oil. IR (film): v=3281 (N-H), 2961, 2930, 2855, 2808 (C-H), 1625 (C-C), 1584 (C=N), 1554 (C-C),
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1449, 1370 cm™ (C-H); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=8.06 (s, 1H; CH=N), 7.64 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.34 (d, °J (H,H)=8.1
Hz, 2H; Ph), 3.81 (s, 2H; CH2-NH), 3.08 (m, 2H; CH-CHj), 2.88 (m, 1H; CHey-N), 2.76 (m, 1H; CHey-N), 2.65 (t, °J (H,H)=6.8 Hz, 4H; CHx-NH),
2.35 (br, 1H; NH), 2.34 (m, 1H; CHaxN), 2.25 (m, 1H; CH-CHj), 2.10 (m, 1H; CHayx-N), 1.79-1.32 (cs, 12H; CHy), 1.27 (m, 2H; CHay), 1.06 (d, °J
(H,H)=6.3 Hz, 3H; CHj3), 1.00 ppm (d, *J (H,H)=6.3 Hz, 6H; CHs); *C-NMR (75.5 MHz, CDCls, 25 °C): d=152.3 (CH), 141.6 (Cq), 133.8 (Cq),
128.2 (CH), 127.2 (CH), 57.3 (CH), 56.0 (CH), 53.7 (CHa), 52.3 (CH.), 52.0 (CH,), 48.3 (CHy), 34.6 (CH,), 32.9 (CHa), 26.1 (CH.), 25.6 (CH,),
23.9 (CHy), 21.4 (CHy), 20.6 (CHs), 19.0 ppm (CHs).

N-(4-((2,6-dimethylpiperidin-1-ylimino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (8{2,9}). The procedure was the same as
that stated for 8{2,4} but using 1-(3-aminopropyl)-4-methylpiperazine 4{9} (0.31 g, 1.9 mmol), 6{2} (0.47 g, 1.9 mmol) and NaBH,4 (0.07 g, 1.9
mmol) to give 8{2,9} (0.72 g, 97%) as a yellow oil. IR (film): v=3286 (N-H), 2932, 2872, 2837, 2794 (C-H), 1625 (C-C), 1584 (C=N), 1554 (C-C),
1458, 1370 cm™ (C-H); '"H-NMR (300 MHz, CDCls, 25 °C, TMS): d=8.05 (s, 1H; CH=N), 7.65 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.34 (d, *J (H,H)=8.1
Hz, 2H; Ph), 3.81 (s, 2H; CH,-Ph), 3.08 (m, 2H; CH-CHs), 2.69 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.44 (br, 8H; CH2-N), 2.41 (t, °J (H,H)=6.9 Hz,
2H; CH,-N), 2.30 (br, 1H; NH), 2.27 (s, 3H; CHa-N), 1.81-1.68 (m, 6H; CH,), 1.51 (m, 2H; CHy), 1.00 ppm (d, °J (H,H)=6.3 Hz, 6H; CHs); *C-
NMR (75.5 MHz, CDCls, 25 °C): d=152.1 (CH), 141.3 (Cq), 133.8 (Cq), 128.2 (CH), 127.3 (CH), 57.2 (CH), 57.0 (CH,), 55.1 (CH,), 53.6 (CH,),
53.2 (CHy), 48.1 (CHa), 46.0 (CH3), 32.9 (CHy), 26.7 (CHy), 21.4 (CHy), 20.6 ppm (CHs); MS (El): m/z (%): 386.3 (1) [M"+H], 385.3 (1) [M"],
113.0 (100) [CsH13N"]; HRMS: Calcd for Ca3H3agNs: 385.3205. Found: 385.3211.

N-(4-((2,6-dimethylpiperidin-1-ylimino)methyl)benzyl)-3-morpholinopropan-1-amine (8{2,71}). The procedure was the same as that stated
for 8{2,4} but using 3-morpholinopropylamine 4{71} (0.27 g, 1.9 mmol), 6{2} (0.46 g, 1.9 mmol) and NaBH, (0.07 g, 1.9 mmol) to give 8{2,71}
(0.63 g, 91%) as a yellow oil. IR (film): v=3293 (N-H), 2930, 2854, 2808 (C-H), 1625 (C-C), 1584 (C=N), 1554 (C-C), 1456, 1369 (C-H), 1118,
863 cm™ (C-O-C); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=8.06 (s, 1H; CH=N), 7.65 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.33 (d, *J (H,H)=8.1 Hz,
2H; Ph), 3.81 (s, 2H; CH,-Ph), 3.70 (t, °J (H,H)=4.7 Hz, 4H; CH,-0), 3.08 (m, 2H; CH-CH3), 2.69 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.45-2.38 (m,
6H; CH-N), 2.06 (br, 1H; NH), 1.81-1.66 (m, 6H; CH,), 1.51 (m, 2H; CH,), 1.00 ppm (d, *J (H,H)=6.3 Hz, 6H; CHs); "*C-NMR (75.5 MHz, CDCls,
25 °C): d=152.2 (CH), 141.6 (Cq), 133.8 (Cq), 128.1 (CH), 127.3 (CH), 66.9 (CH,), 57.4 (CH,), 57.3 (CH), 53.8 (CH>), 53.7 (CHy), 47.9 (CHy),
32.9 (CHy), 26.6 (CHy), 21.4 (CHy), 20.6 ppm (CHs); MS (El): m/z (%): 372.2 (2) [M"], 100.0 (100) [CsH1oNO"); HRMS: Calcd for CaaH3sN,4O:
372.2889. Found: 372.2895.

N-(4-((4-methylpiperazin-1-ylimino)methyl)benzyl)-2-(pyrrolidin-1-yl)ethanamine (8{3,4}). The procedure was the same as that stated for
8{2,4} but using 1-(2-aminoethyl)pyrrolidine 4{4} (1.16 g, 1.4 mmol), 6{3} (0.32 g, 1.4 mmol) and NaBH, (0.053 g, 1.4 mmol) to give 8{3,4} (0.42
g, 92%) as a yellow oil. IR (film): v=3309 (N-H), 2935, 2875, 2795 (C-H), 1592 (C=N), 1452 cm™ (C-H); 'H-NMR (300 MHz, CDCl, 25 °C, TMS):
d=7.55 (d, °J (H,H)=8.0 Hz, 2H; Ph), 7.55 (s, 1H; CH=N), 7.29 (d, >J (H,H)=8.0 Hz, 2H; Ph), 3.80 (s, 2H; CH2.Ph), 3.21 (t, °J (H,H)=5.0 Hz, 4H;
CH2-N), 2.73 (t, °J (H,H)=6.0 Hz, 2H; CH,-NH), 2.61 (m, 6H; CH,-N), 2.48 (m, 4H; CH,-N), 2.36 (s, 3H; CHs), 1.87 (s, 1H; NH), 1.75 ppm (m, 4H;
CH,); PC-NMR (75.5 MHz, CDCls, 25 °C): d=140.4 (Cq), 135.8 (CH), 134.8 (Cq), 128.2 (CH), 126.0 (CH), 55.9 (CHy), 54.5 (CH,), 54.2 (CHy),
53.8 (CHz), 51.1 (CHy), 47.8 (CHy), 46.0 (CHs), 23.5 ppm (CH,); Anal. (C1gH31Ns) C, H, N; MS (El): m/z (%): 330.4 (4) [M"+H], 329.3 (12) [M],
84.0 (100) [CsH1oN"].

N-(4-((2-(pyrrolidin-1-yl)ethylamino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (1{4,5}). The procedure was the same as that stated
for 8{2,4} but using 1-(3-aminopropyl)pyrrolidine 4{5} (0.46 g, 3.5 mmol), 7{4} (0.46 g, 3.5 mmol) and NaBH, (0.13 g, 3.5 mmol) to give 1{4,5}
(1.11 g, 92%) as a yellowish oil. IR (film): v=3281 (N-H), 2961, 2930, 2874, 2790 (C-H), 1458, 1445 cm™ (C-H); '"H-NMR (300 MHz, CDCls, 25
°C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 2.73 (m, 4H; CH»-NH), 2.61 (t, °J (H,H)=6.0 Hz, 2H; CHx-N), 2.49 (m,
10H; CH,-N), 2.14 (br, 2H; NH), 1.79-1.71 ppm (m, 10H; CH,); "*C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0 (Cq), 138.8 (Cq), 128.1 (CH), 128.0
(CH), 55.9 (CHy), 54.7 (CHy), 54.2 (CHy), 53.8 (CHy), 53.7 (CHy), 48.0 (CHy), 29.2 (CHy), 23.5 ppm (CHy); MS (El): m/z (%): 345.3 (0.3) [M"+H],
84.1 (100) [CsH1oN']; HRMS: Calcd for Ca1H37N4 [M™+H]: 345.3018. Found: 345.3022.

N-(4-((2-(pyrrolidin-1-yl)ethylamino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (1{4,6}). The procedure was the same as that
stated for 8{2,4} but using 1-(2-aminoethyl)pyrrolidine 4{4} (0.43 g, 3.7 mmol), 7{6} (0.89 g, 3.7 mmol) and NaBH, (0.14 g, 3.7 mmol) to give
1{4,6} (1.14 g, 91%) as a yellow oil. IR (film): v =3279 (N-H), 3104, 2929, 2875, 2799 (C-H), 1508 (imidazol), 1458, 1446 cm™ (C-H); 'H-NMR
(300 MHz, CDCls, 25 °C, TMS): d=7.44 (s, 1H; CH-N), 7.27 (s, 4H; Ph), 7.03 (s, 1H; CH-N), 6.88 (s, 1H; CH-N), 4.04 (t, °J (H,H)=6.9 Hz, 2H;
CH2-N), 3.79 (s, 2H; CH,-Ph), 3.73 (s, 2H; CH,-Ph), 2.74 (t, *J (H,H)=5.9 Hz, 2H; CH2-NH), 2.61 (m, 4H; CH>-NH, CH,-N), 2.48 (m, 4H; CHx-N),
2.18 (br, 2H; NH), 1.92 (quint, *J (H,H)=6.9 Hz, 2H; CH,), 1.76 ppm (quint, °J (H,H)=3.3 Hz, 4H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C):
d=139.1 (Cq), 138.6 (Cq), 137.0 (CH), 129.2 (CH), 128.2 (CH), 128.0 (CH), 118.7 (CH), 55.9 (CH.), 54.2 (CH), 53.8 (CH,), 53.7 (CH,), 47.9
(CHy), 45.6 (CH,), 44.7 (CHy), 31.4 (CHy), 23.5 ppm (CHy); MS (El): m/z (%): 342.2 (4) [M"+H], 257.2 (100) [C15H21N4']; HRMS: Calcd for
C20H2Ns [M"+H]: 342.2658. Found: 342.2666.

N-(4-((2-(pyrrolidin-1-yl)ethylamino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (1{4,9}). The procedure was the same as
that stated for 8{2,4} but using 1-(2-aminoethyl)pyrrolidine 4{4} (0.39 g, 3.3 mmol), 7{9} (0.91 g, 3.3 mmol) and NaBH, (0.13 g, 3.3 mmol) to give
1{4,9} (0.96 g, 77%) as a yellow oil. IR (film): v=3288 (N-H), 2934, 2875, 2793 (C-H), 1458, 1447, 1372, 1354 cm™" (C-H); "H-NMR (300 MHz,
CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 2H; CH,-Ph), 3.76 (s, 2H; CH,-Ph), 2.74 (t, °J (H,H)=6.5 Hz, 2H; CHx-NH), 2.67 (t, °J (H,H)=6.9
Hz, 2H; CH,-NH), 2.61 (t, °J (H,H)=6.5 Hz, 2H; CH2-N), 2.50-2.38 (m, 14H; CH,-N), 2.27 (s, 3H; CHs), 2.11 (br, 2H; NH), 1.77-1.66 ppm (m, 6H;
CHa); ®C-NMR (75.5 MHz, CDCls, 25 °C): d=138.9 (Cq), 138.8 (Cq), 128.1 (CH), 128.0 (CH), 57.0 (CHy), 55.9 (CHj), 55.1 (CHy), 54.2 (CHy),
53.8 (CH,), 53.7 (CHy), 53.2 (CHy), 48.1 (CHy), 47.9 (CH,), 46.0 (CH3), 27.0 (CHy), 23.5 ppm (CHy); MS (El): m/z (%): 374.3 (0.4) [M"+H], 84.0
(100) [CsH1oN"]; HRMS: Calcd for CaoHaoNs [M+H]: 374.3284. Found: 374.3276.

N-(4-((2-(pyrrolidin-1-yl)ethylamino)methyl)benzyl)-3-morpholinopropan-1-amine (1{4,71}). The procedure was the same as that stated for
8{2,4} but using 1-(2-aminoethyl)pyrrolidine 4{4} (0.37 g, 3.2 mmol), 7{71} (0.84 g, 3.2 mmol) and NaBHj, (0.12 g, 3.2 mmol) to give 1{4,71} (1.05
g, 91%) as a yellow oil. IR (film): v=3305 (N-H), 2953, 2932, 2872, 2852, 2802 (C-H), 1457, 1446 (C-H), 1118, 862 cm™ (C-O-C); 'H-NMR (300
MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph’), 3.69 (t, °J (H,H)=4.7 Hz, 4H; CH,-0), 2.74 (t, °J
(H,H)=5.9 Hz, 2H; CH,-NH), 2.68 (t, °J (H,H)=6.9 Hz, 2H; CH2-NH), 2.61 (t, °J (H,H)=5.9 Hz, 2H; CH,-N), 2.50-2.37 (m, 10H; CH,-N), 2.04 (br,
2H; NH), 1.80-1.68 ppm (m, 6H; CH,); ">C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0 (Cq), 138.7 (Cq), 128.1 (CH), 128.0 (CH), 67.0 (CH,), 57.4



(CH,), 55.9 (CHy), 54.2 (CHy), 53.8 (CHy), 53.7 (CH.), 48.0 (CH,), 47.9 (CH,), 26.7 (CH,), 23.5 ppm (CHz); MS (El): m/z (%): 361.2 (0.5) [M"+H],
84.0 (100) [CsH1oN']; HRMS: Calcd for C1H37N,O [M*+H]: 361.2967. Found: 361.2965.

N-(4-((3-(1H-imidazol-1-yl)propylamino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (1{5,6}). The procedure was the same as that
stated for 8{2,4} but using 1-(3-aminopropyl)pyrrolidine 4{5} (0.49 g, 3.7 mmol), 7{6} (0.91 g, 3.7 mmol) and NaBH, (0.14 g, 3.7 mmol) to give
1{5,6} (1.33 g, 100%) as a yellow oil. IR (film): v=3281 (N-H), 3104, 2931, 2875, 2794 (C-H), 1508 (imidazol), 1458 cm” (C-H); "H-NMR (300
MHz, CDCls, 25 °C, TMS): d=7.43 (s, 1H; CH-N), 7.27 (s, 4H; Ph), 7.03 (s, 1H; CH-N), 6.88 (s, 1H; CH-N), 4.04 (t, °J (H,H)=6.9 Hz, 2H; CH,-N),
3.78 (s, 2H; CH,-Ph), 3.74 (s, 2H; CH»-Ph), 2.70 (t, *J (H,H)=6.9 Hz, 2H; CH.-NH), 2.60 (t, °J (H,H)=6.6 Hz, 2H; CH,-NH), 2.50 (m, 6H; CHx-N),
2.05 (br, 2H; NH), 1.92 (quint, *J (H,H)=6.6 Hz, 2H; CHj), 1.79-1.10 ppm (m, 6H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=139.1 (Cq), 138.6
(Cq), 137.0 (CH), 129.2 (CH), 128.1 (CH), 128.0 (CH), 118.7 (CH), 54.7 (CH>), 54.2 (CHy), 53.7 (CH3), 48.0 (CHy), 45.6 (CHy), 44.7 (CHy), 31.4
(CHa), 29.2 (CH,), 23.4 ppm (CH,). MS (El): m/z (%): 357.4 (0.2) [M"+2H], 356.4 (1), 355.5 (0.2) [M], 84.2 (100) [CsH1o,N"]; HRMS: Calcd for
C21HasNs: 355.2736. Found: 355.2740.

N-(4-((2-(piperidin-1-yl)ethylamino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (1{5,7}). The procedure was the same as that stated
for 8{2,4} but using 1-(3-aminopropyl)pyrrolidine 4{5} (0.46 g, 3.5 mmol), 7{7} (0.85 g, 3.5 mmol) and NaBH, (0.13 g, 3.5 mmol) to give 1{5,7}
(1.13 g, 92%) as a yellowish oil. IR (film): v=3298 (N-H), 2933, 2876, 2851, 2792 (C-H), 1454, 1443 cm™ (C-H); '"H-NMR (300 MHz, CDCls, 25
°C, TMS): d=7.27 (s, 4H; Ph),3.78 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 2.69 (t, °J (H,H)=6.3 Hz, 4H; CH,-NH), 2.52 (m, 6H; CH»-N), 2.44 (t,°J
(H,H)=6.3 Hz, 2H; CH2-N), 2.33 (br, 4H; CH,-N), 2.08 (br, 2H; NH), 1.79-1.70 (m, 6H; CH,), 1.55 (m, 4H; CH,), 1.42 ppm (m, 2H; CH,). "*C-NMR
(75.5 MHz, CDCls, 25 °C): d=138.9 (Cq), 138.7 (Cq), 128.0 (CH), 58.5 (CH,), 54.7 (CH,), 54.2 (CH,), 53.7 (CH,), 53.6 (CH>), 48.0 (CH.), 45.9
(CHa), 29.2 (CHy), 26.0 (CHy), 24.5 (CHy), 23.4 ppm (CHy); MS (El): m/z (%): 359.3 (1) [M"+H], 98.2 (100) [CsH12N"]; HRMS: Calcd for CaoHzgN,
[M*+H]: 359.3175. Found: 359.3175.

N-(4-((3-(pyrrolidin-1-yl)propylamino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-amine (1{5,8}). The procedure was the same as
that stated for 8{2,4} but using 1-(3-aminopropyl)-2-methyl-piperidine 4{8} (0.63 g, 3.9 mmol), 7{5} (0.96 g, 3.9 mmol) and NaBH,4 (0.15 g, 3.9
mmol) to give 1{5,8} (1.24 g, 83%) as a yellowish oil. IR (film): v=3281 (N-H), 2930, 2874, 2855, 2790 (C-H), 1448, 1372 cm™ (C-H); 'H-NMR
(300 MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.77 (s, 2H; CH>-Ph), 3.76 (s, 2H; CH>-Ph), 2.86 (m, 1H; CHeq-N), 2.68 (m, 5H; CHeq-N,
CH>-NH), 2.49 (m, 6H; CH2-N), 2.36 (m, 1H; CHax-N), 2.26 (m, 1H; CH-CHj3), 2.11 (m, 1H; CHax-N), 2.02 (br, 2H; NH), 1.79-1.58 (m, 12H; CH>),
1.27 (m, 2H; CH.,), 1.05 ppm (d, >J (H,H)=6.3 Hz, 3H; CHs); *C-NMR (75.5 MHz, CDCls, 25 °C): d=138.9 (Cq), 138.8 (Cq), 128.1 (CH), 128.0
(CH), 56.0 (CH), 54.8 (CH.), 54.3 (CHy), 53.8 (CH,), 53.7 (CH.), 52.3 (CHy), 52.1 (CH,), 48.3 (CH.), 48.0 (CHy), 34.7 (CH,), 29.3 (CH,), 26.2
(CHy), 25.8 (CHy), 24.0 (CHy), 23.5 (CHy), 19.1 ppm (CHa); MS (El): m/z (%): 387.3 (8) [M"+H]. 386.3 (6) [M'], 112.1 (100) [C;H14N"]; HRMS:
Calcd for Cz4Ha2N4: 386.3409. Found: 386.3412.

N-(4-((3-(4-methylpiperazin-1-yl)propylamino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (1{5,9}). The procedure was the same as
that stated for 8{2,4} but using 1-(3-aminopropyl)pyrrolidine 4{5} (0.45 g, 3.4 mmol), 7{9} (0.93 g, 3.4 mmol) and NaBH, (0.13 g, 3.4 mmol) to
give 1{5,9} (1.25 g, 95%) as a yellowish oil. IR (film): v=3284 (N-H), 2935, 2875, 2792 (C-H), 1458, 1372, 1353 cm™ (C-H); 'H-NMR (300 MHz,
CDClg, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.77 (s, 2H; CH»-Ph), 3.76 (s, 2H; CH,-Ph), 2.68 (m, 4H; CH>-NH), 2.53-2.38 (m, 16H; CH>-N), 2.27 (s,
3H; CHs), 1.91 (br, 2H; NH), 1.79-1.68 ppm (m, 8H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=138.9 (Cq), 128.0 (CH), 56.9 (CH3), 55.1 (CHy),
54.7 (CHy), 54.2 (CH,), 53.7 (CH>), 53.2 (CHy), 48.1 (CH,), 48.0 (CH,), 46.0 (CHs), 29.3 (CH,), 27.0 (CHy), 23.5 ppm (CH>); MS (El): m/z (%):
387.4 (1) [M'], 259.2 (100) [C16H25N3"]; HRMS: Calcd for CasHa1Ns: 387.3362. Found: 387.3347.

N-(4-((2-morpholinoethylamino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (1{5,70}). The procedure was the same as that stated for
8{2,4} but using 2-morpholinoethylamine 4{70} (0.51 g, 3.9 mmol), 7{5} (0.96 g, 3.9 mmol) and NaBH, (0.15 g, 3.9 mmol) to give 1{5,70} (1.27 g,
90%) as a yellowish oil. IR (film): v=3304 (N-H), 2935, 2872, 2852, 2800 (C-H), 1454 (C-H), 1118, 868 cm™ (C-O-C); 'H-NMR (300 MHz, CDCls,
25 °C, TMS): d=7.28 (s, 4H; Ph), 3.79 (s, 4H; CH»-Ph), 3.69 (t, °J (H,H)=4.5 Hz, 4H; CH,-0), 2.71 (m, 4H; CH,-NH), 2.51 (m, 8H; CH,-N), 2.40 (t,
%J (H,H)=4.5 Hz, 4H; CH,-N), 2.18 (br, 2H; NH), 1.78 ppm (m, 6H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0 (Cq), 138.6 (Cq), 128.1
(CH), 67.0 (CH.), 58.2 (CH>), 54.8 (CHy), 54.2 (CH,), 53.7 (CH,), 53.6 (CH,), 48.0 (CH,), 45.3 (CH.), 28.9 (CH,), 23.5 ppm (CH.); MS (El): m/z
(%): 361.3 (3) [M"+H], 360.3 (4) [M'], 230.3 (100) [C15H22N2"]; HRMS: Calcd for Ca1H3sN4O: 360.2889. Found: 360.2879.

N-(4-((3-(pyrrolidin-1-yl)propylamino)methyl)benzyl)-3-morpholinopropan-1-amine (1{5,77}). The procedure was the same as that stated
for 8{2,4} but using 3-morpholinopropylamine 4{71} (0.55 g, 3.8 mmol), 7{5} (0.94 g, 3.8 mmol) and NaBH, (0.15 g, 3.8 mmol) to give 1{5,71}
(1.33 g, 93%) as a yellow oil. IR (film): v=3288 (N-H), 2935, 2872, 2853, 2802 (C-H), 1457, 1447 (C-H), 1118, 862 cm™ (C-O-C); 'H-NMR (300
MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.78 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 3.69 (t, °J (H,H)=4.8 Hz, 4H; CH,-0), 2.70 (m, 4H;
CH2-NH), 2.51 (m, 6H; CHx-N), 2.41 (m, 6H; CH,-N), 2.04 (br, 2H; NH), 1.73 ppm (m, 8H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=138.9
(Cq), 128.0 (CH), 67.0 (CH,), 57.4 (CH,), 54.8 (CH.), 54.3 (CH,), 53.8 (CH>), 53.7 (CH.), 48.1 (CH,), 48.0 (CH>), 29.3 (CH,), 26.8 (CH), 23.5
ppm (CHy); MS (El): m/z (%): 374.3 (18) [M"+H], 373.2 (19) [M"], 230.2 (100) [C1sH22N,"]; HRMS: Calcd for CyyH3sN4O: 388.3202. Found:
388.3202.

N-(4-((2-(piperidin-1-yl)ethylamino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (1{6,7}). The procedure was the same as that
stated for 8{2,4} but using 1-(2-aminoethyl)piperidine 4{7} (0.48 g, 3.7 mmol), 7{6} (0.90 g, 3.7 mmol) and NaBH, (0.14 g, 3.7 mmol) to give
1{6,7} (1.23 g, 94%) as a yellow oil. IR (film): v=3279 (N-H), 2935, 2850, 2793 (C-H), 1508 (imidazol), 1446 cm™ (C-H); 'H-NMR (300 MHz,
CDCls, 25 °C, TMS): d=7.43 (s, 1H; CH-N), 7.28 (m, 4H; Ph), 7.03 (s, 1H; CH-N), 6.89 (s, 1H; CH-N), 4.04 (t, °J (H,H)=6.8 Hz, 2H; CH,-N), 3.81
(s, 2H; CH2-Ph), 3.74 (s, 2H; CHo-Ph), 2.73 (t, °J (H,H)=5.9 Hz, 2H; CH»-NH), 2.60 (t, °J (H,H)=6.8 Hz, 2H; CH,-NH), 2.48 (t, °J (H,H)=5.9 Hz,
2H; CH,-N), 2.46 (br, 2H; NH), 2.37 (m, 4H; CH2-N), 1.92 (quint, >J (H,H)=6.8 Hz, 2H; CH,), 1.56 (m, 4H; CHy), 1.43 ppm (m, 2H; CH,); "*C-NMR
(75.5 MHz, DMSO-ds, 25 °C): d=137.0 (Cq, CH), 128.6 (CH), 128.3 (CH), 128.1 (CH), 119.1 (CH), 55.8 (CH,), 53.7 (CH.), 51.8 (CH), 51.3
(CHy), 44.8 (CHy), 43.9 (CHy), 43.7 (CH,), 29.9 (CHy), 25.0 (CH,), 23.6 ppm (CHy); MS (El): m/z (%): 356.1 (0.05) [M'+H], 98.0 (100) [CsH12'];
HRMS: Calcd for C,1Hz4Ns: 356.2814. Found: 356.2809.

N-(4-((3-(4-methylpiperazin-1-yl)propylamino)methyl)benzyl)-3-(1 H-imidazol-1-yl)propan-1-amine (1{6,9}). The procedure was the same

as that stated for 8{2,4} but using 1-(3-aminopropyl)imidazole 4{6} (0.35 g, 2.8 mmol), 7{9} (0.76 g, 2.8 mmol) and NaBH, (0.11 g, 2.8 mmol) to
give 1{6,9} (0.36 g, 34%) as a yellow oil. IR (film): v=3278 (N-H), 3102, 2934, 2875, 2795 (C-H), 1508 (imidazol), 1458, 1372, 1356 cm™ (C-H);
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"H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.43 (s, 1H; CH-N), 7.27 (s, 4H; Ph), 7.03 (s, 1H; CH-N), 6.88 (s, 1H; CH-N), 4.04 (t, *J (H,H)=6.9 Hz,
2H; CHx-N), 3.77 (s, 2H; CH,-Ph), 3.74 (s, 2H; CH,-Ph), 2.68 (t, °J (H,H)=7.2 Hz, 2H; CH>-NH), 2.61 (t, °J (H,H)=6.6 Hz, 2H; CH,-NH), 2.43 (br,
8H; CH2-N), 2.41 (t, ] (H,H)=7.2 Hz, 2H; CH,-N), 2.27 (s, 3H; CHs), 1.93 (br, 2H; NH), 1.92 (quint, ] (H,H)=6.6 Hz, 2H; CH,), 1.71 ppm (quint,
%J (H,H)=7.2 Hz, 2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0 (Cq), 138.7 (Cq), 137.1 (CH), 129.2 (CH), 128.1 (CH), 128.0 (CH),
118.7 (CH), 56.9 (CH,), 55.1 (CHy), 53.7 (CH>), 53.2 (CH,), 48.1 (CH>), 46.0 (CH3), 45.7 (CH,), 44.7 (CH3), 31.4 (CH,), 26.9 ppm (CH); MS (El):
m/z (%): 385.3 (2) [M*+H], 70.0 (100) [C4sHsN"]; HRMS: Calcd for Ca2H3sNe: 384.3001. Found: 384.3004.

N-(4-((2-morpholinoethylamino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (1{6,70}). The procedure was the same as that stated
for 8{2,4} but using 2-morpholinoethylamine 4{70} (0.43 g, 3.2 mmol), 7{6} (0.79 g, 3.2 mmol) and NaBH, (0.12 g, 3.2 mmol) to give 1{6,10}
(1.11 g, 96%) as a yellowish oil. IR (film): v=3299 (N-H), 3105, 2934, 2890, 2851, 2811 (C-H), 1508 (imidazol), 1454 (C-H), 1117, 854 cm™ (C-
0-C); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.43 (s, 1H; CH-N), 7.28 (s, 4H; Ph), 7.03 (s, 1H; CH-N), 6.88 (s, 1H; CH-N), 4.05 (t, °J
(H,H)=6.9 Hz, 2H; CHx-N), 3.79 (s, 2H; CH,-Ph), 3.74 (s, 2H; CH,-Ph), 3.69 (t, °J (H,H)=4.7 Hz, 4H; CH,-0), 2.71 (t, *J (H,H)=6.0 Hz, 2H; CH,-
NH), 2.60 (t, °J (H,H)=6.9 Hz, 2H; CH»-NH), 2.50 (t, °J (H,H)=6.0 Hz, 2H; CH,-N), 2.41 (t, °J (H,H)=4.7 Hz, 4H; CHx-N), 1.95 (br, 2H; NH), 1.93
ppm (quint, *J (H,H)=6.9 Hz, 2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0 (Cq), 138.7 (Cq), 137.0 (CH), 129.2 (CH), 128.1 (CH),
128.0 (CH), 118.7 (CH), 67.0 (CH.), 58.2 (CH), 53.7 (CH), 45.6 (CH,), 45.3 (CH.), 44.6 (CH.), 31.2 ppm (CH.). MS (El): m/z (%): 358.2 (1)
[M*+H], 100.0 (100) [CsH1,NO"]; HRMS: Calcd for CyoH3¢N5O: 357.2529. Found: 357.2517.

N-(4-((3-morpholinopropylamino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (1{6,71}). The procedure was the same as that stated
for 8{2,4} but using 1-(3-aminopropyl)imidazole 4{6} (0.56 g, 4.4 mmol), 7{71} (0.56 g, 4.4 mmol) and NaBH, (0.17 g, 4.4 mmol) to give 1{6,71}
(1.36 g, 85%) as a yellow oil. IR (film): v=3282 (N-H), 3104, 2935, 2852, 2808 (C-H), 1509 (imidazol), 1456 (C-H), 1117, 861 cm™ (C-O-C); 'H-
NMR (300 MHz, CDCls, 25 °C, TMS): d=7.42 (s, 1H; CH-N), 7.27 (m, 4H; Ph), 7.03 (s, 1H; CH-N), 6.88 (s, 1H; CH-N), 4.04 (t, °J (H,H)=6.9 Hz,
2H; CH2-N), 3.79 (s, 2H; CH,-Ph), 3.74 (s, 2H; CH,-Ph), 3.69 (t, °J (H,H)=4.7 Hz, 4H; CH,-0), 2.71 (t, *J (H,H)=6.9 Hz, 2H; CH,-NH), 2.60 (t, °J
(H,H)=6.9 Hz, 2H; CH,-NH), 2.42 (m, 6H; CH,-N), 1.92 (quint, *J (H,H)=6.9 Hz, 2H; CH,), 1.88 (s, 2H; NH), 1.72 ppm (quint, >J (H,H)=6.9 Hz,
2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=138.9 (Cq), 138.2 (Cq), 137.0 (CH), 129.1 (CH), 128.2 (CH), 118.7 (CH), 66.9 (CH,), 57.4
(CHy), 53.7 (CH,), 53.6 (CH,), 53.4 (CH,), 48.0 (CH,), 45.5 (CH,), 44.6 (CH,), 31.3 (CH,), 26.1 ppm (CH,); MS (El): m/z (%): 373.0 (2) [M"+2H],
372.0 (8) [M+H"], 100.0 (100) [CsH1oNO"]; HRMS: Calcd for Ca1H3sNsO [M*+H]: 372.2763. Found: 372.2758.

N-(4-((2-(piperidin-1-yl)ethylamino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (1{7,9}). The procedure was the same as
that stated for 8{2,4} but using 1-(2-aminoethyl)piperidine 4{7} (0.34 g, 2.6 mmol), 7{9} (0.73 g, 2.6 mmol) and NaBH, (0.10 g, 2.6 mmol) to give
1{7,9} (0.48 g, 47%) as a yellowish oil. IR (film): v=3285 (N-H), 2934, 2878, 2849, 2794 (C-H), 1457, 1446, 1372, 1349 cm™ (C-H); "H-NMR (300
MHz, CDCl, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.78 (s, 2H; CH»-Ph), 3.77 (s, 2H; CH»-Ph), 2.69 (m, 4H; CH>-NH), 2.47-2.34 (m, 16H; CH>-N),
2.27 (s, 3H; CHg), 2.22 (br, 2H; NH), 1.72 (quint, °J (H,H)=6.9 Hz, 2H; CH,), 1.55 (m, 4H; CHy), 1.42 ppm (m, 2H; CH,); >C-NMR (75.5 MHz,
CDCls, 25 °C): d=139.0 (Cq), 138.5 (Cq), 128.1 (CH), 128.0 (CH), 58.5 (CHy), 57.0 (CH>), 55.1 (CH,), 54.7 (CHy), 53.7 (CH,), 53.6 (CHy), 53.2
(CHy), 48.1 (CHy), 46.0 (CH3), 45.9 (CH,), 26.8 (CHy), 26.0 (CH,), 24.5 ppm (CH,); MS (FAB): m/z (%) 389.2 (5) [M"+2H], 388.2 (100) [M"+H],
387.2 (17) [M']; HRMS: Calcd for Ca1H34NsO [M*+H]: 88.3440. Found: 388.3454.

N-(4-((2-(piperidin-1-yl)ethylamino)methyl)benzyl)-3-morpholinopropan-1-amine (1{7,71}). The procedure was the same as that stated for
8{2,4} but using 1-(2-aminoethyl)piperidine 4{7} (0.44 g, 3.4 mmol), 7{711} (0.89 g, 3.4 mmol) and NaBH, (0.13 g, 3.4 mmol) to give 1{7,11} (1.24
g, 98%) as a yellow oil. IR (film): v=3304 (N-H), 2933, 2852, 2806 (C-H), 1454, 1444 (C-H), 1119, 862 cm™ (C-O-C); '"H-NMR (300 MHz, CDCls,
25 °C, TMS): d=7.27 (s, 4H; Ph), 3.78 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH2-Ph), 3.69 (t, °J (H,H)=4.7 Hz, 4H; CH»-0), 2.69 (m, 4H; CH,-NH), 2.47-
2-34 (m, 12H; CH,-N), 2.11 (br, 2H; NH), 1.71 (quint, >J (H,H)=7.2 Hz, 2H; CH,), 1.55 (m, 4H; CH,), 1.42 ppm (m, 2H; CH,); C-NMR (75.5 MHz,
CDCls, 25 °C): d=139.0 (Cq), 138.6 (Cq), 128.1 (CH), 128.0 (CH), 66.9 (CH.), 58.5 (CH,), 57.4 (CH,), 54.7 (CH,), 53.8 (CHy), 53.7 (CH), 48.0
(CHy), 45.9 (CHy), 26.6 (CHy), 26.0 (CHy), 24.5 ppm (CH2); Anal. (C22H3sN4O) C, H, N; MS (El): m/z (%): 373.3 (1) [M*- H], 98.0 (100 ) [CeH12N™.

N-(4-((2-morpholinoethylamino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-amine (1{8,70}). The procedure was the same as that
stated for 8{2,4} but using 2-morpholinoethylamine 4{70} (1.12 g, 8.5 mmol), 7{8} (1.35 g, 8.5 mmol) and NaBH, (0.33 g, 8.5 mmol) to give
1{8,10} (2.46 g, 74%) as a yellow oil. IR (film): v=3305 (N-H), 2930, 2853, 2807 (C-H), 1453 (C-H), 1119, 868 cm™ (C-O-C); 'H-NMR (300 MHz,
CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 3.69 (t, °J (H,H)=4.5 Hz, 4H; CH-0), 2.86 (m, 1H; CHc-N),
2.74 (m, 1H; CHo-N), 2.70 (t, °J (H,H)=6.0 Hz, 2H; CH,-NH), 2.63 (t, °J (H,H)=6.9 Hz, 2H; CH2-NH), 2.49 (t, °J (H,H)=6.0 Hz, 2H; CH,-N), 2.40
(m, 4H; CHy-N), 2.34 (m, 1H; CHa,-N), 2.25 (m, 1H; CH-CHs), 2.11 (m, 1H; CHa-N), 1.91 (br, 2H; NH), 1.68 (quint, °J (H,H)=6.9 Hz, 2H; CHy,),
1.63 (m, 4H; CHy), 1.27 (m, 2H; CH.,) 1.05 ppm (d, *J (H,H)=6.0 Hz, 3H; CHs); *C-NMR (75.5 MHz, CDCls, 25 °C): d=139.0 (Cq), 138.9 (Cq),
128.0 (CH), 67.0 (CHy), 58.3 (CH), 55.9 (CH), 53.8 (CH), 53.7 (CH,), 52.3 (CH.), 52.1 (CHy), 48.4 (CHy), 45.3 (CH>), 34.7 (CH.), 26.2 (CH),
25.8 (CHy), 24.0 (CHy), 19.2 ppm (CHs); MS (El): m/z (%): 389.3 (1) [M™+H], 100.0 (100) [CsH1,NO']; HRMS: Calcd for CpHaoN,O: 374.3046.
Found: 374.3049.

N-(4-((3-morpholinopropylamino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-amine (1{8,77}). The procedure was the same as that
stated for 8{2,4} but using 1-(3-aminopropyl)-2-methyl-piperidine 4{8} (0.62 g, 3.8 mmol), 7{71} (1.00 g, 3.8 mmol) and NaBH, (0.15 g, 3.8 mmol)
to give 1{8,71} (1.54 g, 100%) as a yellow oil. IR (film): v=3286 (N-H), 2929, 2853, 2806 (C-H), 1448, 1372 (C-H), 1119, 862 cm™ (C-O-C); 'H-
NMR (300 MHz, CDCl;, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.77 (s, 4H; CHz-Ph), 3.70 (t, °J (H,H)=4.7 Hz, 4H; CH,-0), 2.87 (m, 1H; CHc-N),
2.79-2.62 (m, 5H; CH2-NH, CHeg-N), 2.43-2.32 (m, 7H; CHax-N, CH2-N), 2.27 (m, 1H; CH-CHj3), 2.12 (br, 2H; NH), 2.11 (m, 1H; CHax-N), 1.75-
1.52 (m, 8H; CHy), 1.30 (m, 2H; CHy,), 1.05 ppm (d, *J (H,H)=6.0 Hz, 3H; CHs); C-NMR (75.5 MHz, CDCl, 25 °C): d=138.9 (Cq), 138.7 (Cq),
128.1 (CH), 128.0 (CH), 67.0 (CH,), 57.4 (CH.), 56.0 (CH), 53.8 (CH.), 53.7 (CH), 52.3 (CH.), 52.0 (CH.), 48.3 (CH.), 48.0 (CH.), 34.6 (CH,),
27.0 (CHy), 26.1 (CHy), 25.7 (CHy), 23.9 (CHy), 19.1 ppm (CHs); MS (El): m/z (%): 403.4 (0.5) [M"+H], 112.0 (100) [C;H:4N"]; HRMS: Calcd for
C24H42N4O: 402.3359. Found: 402.3354.

N-(4-((2-morpholinoethylamino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (1{9,70}). The procedure was the same as that
stated for 8{2,4} but using 1-(3-aminopropyl)-4-methylpiperazine 4{9} (0.44 g, 2.7 mmol), 7{10} (0.68 g, 2.7 mmol) and NaBH, (0.10 g, 2.7 mmol)
to give 1{9,70} (0.92 g, 86%) as a yellow oil. IR (film): v=3300 (N-H), 2935, 2872, 2796 (C-H), 1456, 1372, 1355 (C-H), 1118, 868 cm™ (C-O-C);
"H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 3.68 (t, °J (H,H)=4.7 Hz, 4H; CH,-0),
2.69 (M, 4H; CHx-NH), 2.52-2.39 (m, 16H; CH,-N), 2.27 (s, 3H; CHs), 2.11 (br, 2H; NH), 1.72 ppm (quint, °J (H,H)=6.9 Hz, 2H; CH,); "*C-NMR



(75.5 MHz, CDCls;, 25 °C): d=138.9 (Cq), 138.7 (Cq), 128.0 (CH), 67.0 (CH,), 58.2 (CH,), 57.0 (CH), 55.1 (CH,), 53.7 (CH,), 53.2 (CH,), 48.1
(CH,), 46.0 (CH3), 45.3 (CHy), 26.9 ppm (CH,); MS (El): m/z (%): 389.4 (1) [M], 100.1 (100) [CsH1,NO']; HRMS: Calcd for CxHssNsO: 389.3155.
Found: 389.3153.

N-(4-((3-morpholinopropylamino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (1{9,717}). The procedure was the same as that
stated for 8{2,4} but using 1-(3-aminopropyl)-4-methylpiperazine 4{9} (0.43 g, 2.7 mmol), 7{717} (0.71 g, 2.7 mmol) and NaBH, (0.10 g, 2.7 mmol)
to give 1{9, 17} (0.91 g, 84%) as a yellow oil. IR (film): v=3288 (N-H), 2935, 2872, 2851, 2795 (C-H), 1476, 1372, 1356 (C-H), 1118, 862 cm™ (C-
0-C); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.77 (s, 4H; CH,-Ph), 3.69 (t, °J (H,H)=4.8 Hz, 4H; CH,-0), 2.68 (t, °J
(H,H)=6.9 Hz, 2H; CH,-NH), 2.67 (t, *J (H,H)=6.9 Hz, 2H; CH,-NH), 2.45-2.37 (m, 16H; CH,-N), 2.27 (s, 3H; CHs), 2.03 (br, 2H; NH), 1.71 ppm
(quint, *J (H,H)=6.9 Hz, 4H; CH.); "*C-NMR (75.5 MHz, CDCl, 25 °C): d=138.8 (Cq), 128.0 (CH), 127.9 (CH), 66.9 (CH,), 57.3 (CH.), 56.9 (CH.),
55.1 (CHy), 53.7 (CHa), 53.2 (CHy), 48.1 (CHy), 47.9 (CHy), 46.0 (CH3), 26.9 (CHy), 26.7 ppm (CH,); MS (El): m/z (%): 403.4 (4) [M'], 100.1 (100)
[C5H10NO]; HRMS: Calcd for Ca3Hs1NsO: 403.3311. Found: 403.3311.

N-(4-((2-morpholinoethylamino)methyl)benzyl)-3-morpholinopropan-1-amine (1{70,717}). The procedure was the same as that stated for
8{2,4} but using 2-morpholinoethylamine 4{70} (0.44 g, 3.3 mmol), 7{77} (0.88 g, 3.3 mmol) and NaBH, (0.13 g, 3.3 mmol) to give 1{70,77} (1.16
g, 92%) as an orange oil. IR (film): v=3307 (N-H), 2950, 2891, 2852, 2808 (C-H), 1455 (C-H), 1118, 863cm™ (C-O-C); "H-NMR (300 MHz,
CDCls, 25 °C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 2H; CH,-Ph), 3.77 (s, 2H; CH,-Ph), 3.69 (m, 8H; CH»-0), 2.69 (m, 4H; CH,-NH), 2.50 (t, °J
(H,H)=6.0 Hz, 2H; CH,-N), 2.45-2.38 (m, 10H; CH,-N), 1.96 (br, 2H; NH), 1.71 ppm (quint, °J (H,H)=6.9 Hz, 2H; CH,); "*C-NMR (75.5 MHz,
CDCls, 25 °C): d=138.9 (Cq), 138.8 (Cq), 128.1 (CH), 128.0 (CH), 67.0 (CH.), 58.2 (CH.), 57.4 (CH), 53.8 (CHy), 53.7 (CHy), 48.0 (CH), 45.3
(CHy), 26.7 ppm (CHa). MS (El): m/z (%): 376.2 (0.7) [M], 100.0 (100) [CsH1,NO"]; HRMS: Calcd for C21H3sN4O,: 376.2838. Found: 376.2849.

N-(4-((piperidin-1-ylimino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (8{1,5}). The procedure was the same as that stated for 2{7,3}
but using 1-aminopiperidine 4{7} (0.44 g, 4.2 mmol) and 7{5} (1.04 g, 4.2 mmol) to give 8{7,5} (1.17 g, 84%) as a yellow oil. IR (film): v=3287 (N-
H), 2935, 2874, 2854, 2793 (C-H), 1591 (C=N), 1450 cm™ (C-H); "H-NMR (300 MHz, CDCl;, 25 °C, TMS): d=7.55 (d, >J (H,H)=8.1 Hz, 2H; Ph),
7.54 (s, 1H; CH=N), 7.27 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.78 (s, 2H; CH,-Ph), 3.15 (t, °J (H,H)=5.7 Hz, 4H; CH,-N), 2.28 (t, °J (H,H)=6.9 Hz, 2H;
CH,-NH), 2.50 (m, 6H; CHx-N), 2.03 (br, 1H; NH), 1.79-1.69 (m, 10H; CH,), 1.55 ppm (m, 2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C):
d=139.7 (Cq), 135.3 (Cq), 134.5 (CH), 128.1 (CH), 125.9 (CH), 54.8 (CH,), 54.2 (CH,), 53.7 (CH,), 52.1 (CH;), 48.0 (CH), 29.1 (CH,), 25.2
(CHy), 24.2 (CHy), 23.5 ppm (CHy); MS (El): m/z (%): 328.3 (0.5) [M"], 84.1 (100) [CsH1oN"]; HRMS: Calcd CaoH3aN4: 328.2627. Found: 328.2624.

N-(4-((piperidin-1-ylimino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (8{1,6}). The procedure was the same as that stated for
2{1,3} but using 1-aminopiperidine 4{1} (0.42 g, 4.0 mmol) and 7{6} (0.98 g, 4.0 mmol) to give 8{1,6} (1.31 g, 100%) as a reddish oil. IR (film):
v=3282 (N-H), 3105, 2935, 2853, 2809 (C-H), 1590 (C=N), 1508 (imidazol), 1450 cm™ (C-H); '"H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.56 (s,
1H; CH=N), 7.55 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.45 (s, 1H; CH-N), 7.26 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.03 (s, 1H; CH-N), 6.88 (s, 1H; CH-N),
4.03 (t, °J (H,H)=6.9 Hz, 2H; CH2-N), 3.74 (s, 2H; CH,-Ph), 3.15 (t, °J (H,H)=5.7 Hz, 4H; CH,-N), 2.60 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.07 (br,
1H; NH), 1.92 (quint, >J (H,H)=6.9 Hz, 2H; CH,), 1.75 (quint, °J (H,H)=5.7 Hz, 4H; CHy), 1.54 ppm (quint, >J (H,H)=5.7 Hz, 2H; CH,); "*C-NMR
(75.5MHz, CDCls, 25 °C): d=139.5 (Cq), 137.0 (CH), 135.5 (Cq), 134.2 (CH), 129.2 (CH), 128.1 (CH), 125.9 (CH), 118.7 (CH), 53.7 (CH>), 52.1
(CHy), 45.6 (CHy), 44.7 (CHy), 31.3 (CHa), 25.2 (CHy), 24.2 ppm (CHy); MS (El): m/z (%): 327.2 (4) [M"+2H], 326.2 (18) [M"+H], 243.2 (100)
[C1sH21N3"]; HRMS: Calcd for C19Ha7Ns: 325.2266. Found: 325.2277.

N-(4-((piperidin-1-ylimino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-amine (8{7,8}). The procedure was the same as that stated
for 2{1,3} but using 1-aminopiperidine 4{7} (0.19 g, 1.9 mmol) and 7{8} (0.51 g, 1.9 mmol) to give 8{1,8} (0.67 g, 100%) as a reddish oil. IR (film):
v=3282 (N-H), 2932, 2854, 2804 (C-H), 1591 (C=N), 1450, 1364 cm™ (C-H); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.55 (d, >J (H,H)=8.1
Hz, 2H; Ph), 7.54 (s, 1H; CH=N), 7.28 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.78 (s, 2H; CH,-Ph), 3.15 (t, °J (H,H)=5.4 Hz, 4H; CHx-N), 2.87 (m, 1H;
CHoqN), 2.74 (m, 1H; CHoe-N), 2.65 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.42 (br, 1H; NH), 2.37 (m, 1H; CHa,N), 2.28 (m, 1H; CH-CHs), 2.13 (m,
1H; CHaxeN), 1.79-1.52 (m, 12H; CHy), 1.29 (m, 2H; CH.y), 1.05 ppm (d, °J (H,H)=6.3 Hz, 3H; CHs); ">C-NMR (75.5 MHz, CDCls, 25 °C): d=139.5
(Cq), 135.4 (Cq), 134.4 (CH), 128.2 (CH), 125.9 (CH), 56.0 (CH), 53.7 (CH,), 52.3 (CH,), 52.1 (CH), 52.0 (CH,), 48.3 (CH,), 34.6 (CH>), 26.1
(CHy), 25.5 (CHy), 25.3 (CHy), 24.2 (CHy), 23.9 (CHy), 19.0 ppm (CHa); MS (El): m/z (%): 356.2 (2) [M"], 112.0 (100) [C;H14N"]; HRMS: Calcd for
Ca2HasN4: 356.2940. Found: 356.2942.

N-(4-((piperidin-1-ylimino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (8{7,9}). The procedure was the same as that stated
for 2{1,3} but using 1-aminopiperidine 4{7} (0.36 g, 3.5 mmol) and 7{9} (0.96 g, 3.5 mmol) to give 8{7,9} (1.21 g, 97%) as a yellow oil. IR
(film): v=3286 (N-H), 2935, 2875, 2853, 2794 (C-H), 1591 (C=N), 1451, 1357 cm™ (C-H); 'H-NMR (300 MHz, CDCl;, 25 °C, TMS): d=7.55 (d, °J
(H,H)=8.1 Hz, 2H; Ph), 7.54 (s, 1H; CH=N), 7.27 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.77 (s, 2H; CH,-Ph), 3.15 (t, °J (H,H)=5.7 Hz, 4H; CH,-N), 2.67 (t,
%J (H,H)=6.9 Hz, 2H; CH,-NH), 2.42 (br, 8H; CH,-N), 2.40 (t, °J (H,H)=6.9 Hz, 2H; CHx-N), 2.27 (s, 3H; CHj), 2.16 (br, 1H; NH), 1.79-1.66 (m,
6H; CHy), 1.54 ppm (m, 2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C): d=139.7 (Cq), 135.4 (Cq), 134.5 (CH), 128.1 (CH), 125.9 (CH), 57.0
(CH,), 565.1 (CH>), 53.7 (CH,), 53.2 (CHy), 52.1 (CHy), 48.1 (CHy), 46.0 (CH3), 26.9 (CH3), 25.3 (CH.), 24.2 ppm (CH3); MS (El): m/z (%): 358.3
(2) [M"+H], 201.1 (100) [C43H17N,"]; HRMS: Calcd for C,1H3sNs: 357.2892. Found: 357.2903.

N-(4-((piperidin-1-ylimino)methyl)benzyl)-3-morpholinopropan-1-amine (8{7,717}). The procedure was the same as that stated for 2{7,3} but
using 1-aminopiperidine 4{7} (0.37 g, 3.6 mmol) and 7{77} (0.93 g, 3.6 mmol) to give 8{1,77} (1.21 g, 99%) as a yellow oil. IR (film): v=3298 (N-
H), 2936, 2853, 2807 (C-H), 1591 (C=N), 1451 (C-H), 1118, 861 cm™ (C-O-C); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.55 (d, °J (H,H)=8.1
Hz, 2H; Ph), 7.54 (s, 1H; CH=N), 7.27 (d, *J (H,H)=8.1 Hz, 2H; Ph), 3.77 (s, 2H; CH,-Ph), 3.69 (t, °J (H,H)=4.7 Hz, 4H; CH,-0), 3.15 (t, °J
(H,H)=5.6 Hz, 4H; CHx-N), 2.67 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.44-2.37 (m, 6H; CH,-N), 1.99 (br, 1H; NH), 1.79-1.65 (m, 6H; CH,), 1.54
ppm (quint, °J (H,H)=5.7 Hz, 2H; CH,); C-NMR (75.5 MHz, CDCls, 25 °C): d=139.8 (Cq), 135.4 (Cq), 134.4 (CH), 128.1 (CH), 125.9 (CH), 67.0
(CHy), 57.4 (CHy), 53.8 (CHy), 52.1 (CH2), 47.9 (CHy), 26.6 (CH3), 25.3 (CHy), 24.2 ppm (CHy); MS (El): m/z (%): 345.2 (2) [M"+H], 344.2 (3) [M"],
100.0 (100) [CsH1oNO']; HRMS: Calcd for CaoHa:N4O: 344.2576. Found: 344.2580.

N-(4-((2,6-dimethylpiperidin-1-ylimino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (8{2,5}). The procedure was the same as that
stated for 2{7,3} but using 1-amino-2,6-dimethylpiperidine 4{2} (0.58 g, 4.1 mmol) and 7{5} (1.00 g, 4.1 mmol) to give 8{2,5} (1.18 g, 81%) as a
yellow oil. IR (film): v=3283 (N-H), 2961, 2931, 2872, 2794 (C-H), 1625 (C-C), 1584 (C=N), 1554 (C-C), 1449, 1369 cm™ (C-H); 'H-NMR (300



MHz, CDCl;, 25 °C, TMS): d=8.06 (s, 1H; CH=N), 7.64 (d, >J (H,H)=8.1 Hz, 2H; Ph), 7.33 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.81 (s, 2H; CH,-Ph),
3.07 (br, 2H; CH-CHs), 2.69 (t, °J (H,H)=6.9 Hz, 2H; CH,-NH), 2.51 (m, 6H; CH,-N), 2.08 (br, 1H; NH), 1.79-1.69 (m, 10H; CH,), 1.53 (m, 2H;
CHs), 1.00 ppm (d, °J (H,H)=6.3 Hz, 6H; CHs); °C-NMR (75.5 MHz, CDCl;, 25 °C): d=152.4 (CH), 141.7 (Cg), 133.7 (Cqg), 128.1 (CH), 127.3
(CH), 57.3 (CH), 54.8 (CHy), 54.2 (CH_), 53.7 (CHy), 48.0 (CHy), 32.9 (CH,), 29.1 (CHy), 23.5 (CH,), 21.5 (CH,), 20.6 ppm (CHs); MS (El): m/z
(%): 356.3 (1) [M'], 84.1 (100) [CsH1oN']; HRMS: Calcd for CaaHzeNa: 356.2940. Found: 356.2934.

N-(4-((4-methylpiperazin-1-ylimino)methyl)benzyl)-3-(pyrrolidin-1-yl)propan-1-amine (8{3,5}). The procedure was the same as that stated
for 2{1,3} but using 1-amino-4-methylpiperazine 4{3} (0.50 g, 4.2 mmol) and 7{5} (1.03 g, 4.2 mmol) to give 8{3,5} (1.43 g, 100%) as a brown oil.
IR (film): v=3288 (N-H), 2937, 2876, 2794 (C-H), 1592 (C=N), 1452, 1365, 1355 cm™ (C-H); 'H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.55 (d,
%J (H,H)=8.1 Hz, 2H; Ph), 7.54 (s, 1H; CH=N), 7.28 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.78 (s, 2H; CH,-Ph), 3.21 (t, °J (H,H)=5.1 Hz, 4H; CHz-N),
2.70 (t, °J (H,H)=6.6 Hz, 2H; CH,-NH), 2.62 (t, °J (H,H)=5.1Hz, 4H; CH,-N), 2.49 (m, 6H; CHx-N), 2.35 (s, 3H; CHs), 2.02 (br, 1H; NH), 1.76 ppm
(m, 6H; CHa); C-NMR (75.5 MHz, CDCls, 25 °C): d=140.3 (Cq), 135.8 (CH), 134.8 (Cq), 128.1 (CH), 126.0 (CH), 54.8 (CH,), 54.5 (CH,), 54.3
(CHy), 53.7 (CHy), 51.0 (CH,), 48.0 (CH,), 46.0 (CHs), 29.2 (CHy), 23.5 ppm (CHy); MS (El): m/z (%): 343.2 (1) [M'], 84.2 (100) [CsH1oN"];
HRMS: Calcd for CH33Ns: 343.2736. Found: 343.2736.

N-(4-((4-methylpiperazin-1-ylimino)methyl)benzyl)-3-(1H-imidazol-1-yl)propan-1-amine (8{3,6}). The procedure was the same as that
stated for 2{7,3} but using 1-amino-4-methylpiperazine 4{3} (0.45 g, 3.8 mmol) and 7{6} (0.92 g, 3.8 mmol) to give 8{3,6} (1.23 g, 96%) as a
yellow oil. IR (film): v=3282 (N-H), 3104, 2937, 2880, 2828, 2797 (C-H), 1592 (C=N), 1508 (imidazol), 1452, 1365, 1356 cm™ (C-H); 'H-NMR
(300 MHz, CDCl;, 25 °C, TMS): d=7.56 (d, *J (H,H)=8.1 Hz, 2H; Ph), 7.55 (s, 1H; CH=N), 7.45 (s, 1H; CH-N), 7.27 (d, ®J (H,H)=8.1 Hz, 2H; Ph),
7.04 (s, 1H; CH-N), 6.89 (s, 1H; CH-N), 4.04 (t, °J (H,H)=6.9 Hz, 2H; CH,-N), 3.75 (s, 2H; CH2-Ph), 3.22 (t, °J (H,H)=5.1 Hz, 4H; CH,-N), 2.64-
2.58 (m, 6H; CH2>-NH, CH,-N), 2.36 (s, 3H; CHs), 1.92 (quint, *J (H,H)=6.9 Hz, 2H; CHy), 1.70 ppm (br, 1H; NH); *C-NMR (75.5 MHz, CDCls, 25
°C): d=140.0 (Cq), 137.0 (CH), 135.6 (CH), 135.1 (Cq), 129.2 (CH), 128.1 (CH), 126.1 (CH), 118.7 (CH), 54.5 (CH,), 53.7 (CH,), 51.0 (CHy),
45.9 (CHs), 45.6 (CH,), 44.7 (CH,), 31.4 ppm (CHy); MS (El): m/z (%): 341.3 (2) [M"+H], 98.2 (100) [CsH11N>"]; HRMS: Calcd for CigHzsNe:
340.2375. Found: 340.2374.

N-(4-((4-methylpiperazin-1-ylimino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-amine (8{3,8}). The procedure was the same as that
stated for 2{7,3} but using 1-amino-4-methylpiperazine 4{3} (0.40 g, 3.4 mmol) and 7{8} (0.93 g, 3.4 mmol) to give 8{3,8} (1.05 g, 84%) as a red
oil. IR (film): v=3279 (N-H), 2932, 2881, 2841, 2795 (C-H), 1593 (C=N), 1452, 1366 cm™' (C-H); "H-NMR (300 MHz, CDCls, 25 °C, TMS): d=7.56
(d, *J (H,H)=8.1 Hz, 2H; Ph), 7.55 (s, 1H; CH=N), 7.29 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.77 (s, 2H; CH,-Ph), 3.21 (t, °J (H,H)=5.1 Hz, 4H; CH,-N),
2.87 (m, 1H; CHeqg-N), 2.73 (m, 1H; CHeg-N), 2.65-2.60 (m, 6H; CH2-NH, CH2-N), 2.36 (s, 3H; CH3-N), 2.36 (m, 1H; CHax-N), 2.29 (m, 1H; CH-
CHs), 2.11 (m, 1H; CHax-N), 1.95 (br, 1H; NH), 1.67 (quint, °J (H,H)=6.9 Hz, 2H; CH,), 1.61-1.48 (m, 4H; CH,), 1.27 (m, 2H; CH,,), 1.04 ppm (d,
%J (H,H)=6.0 Hz, 3H; CH-CHs); ">C-NMR (75.5 MHz, CDCls, 25 °C): d=140.3 (Cq), 135.8 (CH), 134.8 (Cq), 128.2 (CH), 126.1 (CH), 56.0 (CH),
54.5 (CH,), 53.8 (CH,), 52.3 (CH.), 52.1 (CH.), 51.1 (CHy), 48.3 (CH), 46.0 (CH3), 34.7 (CH3), 26.2 (CH3), 25.8 (CH3), 24.0 (CH,), 19.1 ppm
(CHs); MS (El): m/z (%): 372.4 (1) [M"+H], 371.4 (2) [M'], 112.2 (100) [C;H14N"]; HRMS: Calcd for C3H37Ns: 371.3049. Found: 371.3053.

N-(4-((4-methylpiperazin-1-ylimino)methyl)benzyl)-3-(4-methylpiperazin-1-yl)propan-1-amine (8{3,9}). The procedure was the same as
that stated for 2{1,3} but using 1-amino-4-methylpiperazine 4{3} (0.40 g, 3.4 mmol) and 7{9} (0.93 g, 3.4 mmol) to give 8{3,9} (1.25 g, 99%) as a
yellowish oil. IR (film): v=3283 (N-H), 2936, 2877, 2836, 2794, 2768 (C-H), 1593 (C=N), 1453, 1365, 1356 cm™ (C-H); "H-NMR (300 MHz, CDCls,
25 °C, TMS): d=7.55 (d, >J (H,H)=8.1 Hz, 2H; Ph), 7.55 (s, 1H; CH=N), 7.28 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.77 (s, 2H; CH»-Ph), 3.21 (t, °J
(H,H)=5.1 Hz, 4H; CH,-N), 2.66 (t, °J (H,H)=6.9 Hz, 2H; CHx-NH), 2.62 (t, °J (H,H)=5.1 Hz, 4H; CH,-N), 2.42 (br, 8H; CH,-N), 2.40 (t, °J
(H,H)=6.9 Hz, 2H; CH2-N), 2.36 (s, 3H; CHs), 2.27 (s, 3H; CH3), 1.82 (br, 1H; NH), 1.70 ppm (quint, >J (H,H)=6.9 Hz, 2H; CH,); "*C-NMR (75.5
MHz, CDCls, 25 °C): d=140.2 (Cq), 135.8 (CH), 134.8 (Cq), 128.1 (CH), 126.0 (CH), 57.0 (CH.), 55.1 (CH>), 54.5 (CH.), 53.7 (CH>), 53.2 (CH,),
51.0 (CHy), 48.0 (CH,), 46.0 (CHs), 45.9 (CHa), 26.9 ppm (CHy); MS (El): m/z (%) 373.4 (0.6) [M'+H], 372.3 (0.7) [M"], 56.0 (100) [C4Hs"];
HRMS: Calcd for C»1HzsNs: 372.3001. Found: 372.2990.

N-(4-((4-methylpiperazin-1-ylimino)methyl)benzyl)-3-morpholinopropan-1-amine (8{3,77}). The procedure was the same as that stated for
2{1,3} but using 1-amino-4-methylpiperazine 4{3} (0.40 g, 3.4 mmol) and 7{717} (0.89 g, 3.4 mmol) to give 8{3,77} (1.22 g, 100%) as a yellow oil.
IR (film): v=3293 (N-H), 2939, 2888, 2844, 2799 (C-H), 1592 (C=N), 1453, 1364, 1356 (C-H), 1118, 806 cm” (C-O-C); 'H-NMR (300 MHz,
CDCls, 25 °C, TMS): d=7.56 (s, 1H; CH=N), 7.56 (d, °J (H,H)=8.1 Hz, 2H; Ph), 7.28 (d, °J (H,H)=8.1 Hz, 2H; Ph), 3.77 (s, 2H; CH,-Ph), 3.69 (t,
%J (H,H)=4.7 Hz, 4H; CH,-0), 3.21 (t, °J (H,H)=5.1 Hz, 4H; CHx-N), 2.67 (t, °J (H,H)=6.9 Hz, 2H; CHx-NH), 2.62 (t, °J (H,H)=5.1 Hz, 4H; CH2-N),
2.44-2.37 (m, 6H; CHx-N), 2.35 (s, 3H; CHj), 2.05 (br, 1H; NH), 1.70 ppm (quint, °J (H,H)=6.9 Hz, 2H; CH,); *C-NMR (75.5 MHz, CDCls, 25 °C):
d=140.2 (Cq), 135.7 (CH), 134.9 (Cq), 128.1 (CH), 126.1 (CH), 66.9 (CH,), 57.4 (CH,), 54.5 (CH), 53.8 (CH3), 51.0 (CH.), 47.9 (CH.), 45.9
(CH3), 26.6 ppm (CHy); MS (El): m/z (%): 359.2 (2) [M'], 100.0 (100) [CsH1oNO*]; HRMS: Calcd for CxoH33NsO: 359.2685. Found: 359.2685.






Conclusiones

Conclusiones

Los avances conseguidos en el presente trabajo son:

Se ha conseguido mejorar la caracterizacion estructural de los modelos de los coreceptores
CXCR4 y CCRS5 mediante la modelizacion de los loops segun la técnica de analisis
conformacional sistematico implementada en el programa Congen. Se ha confirmado el sitio
de union y el modo de unidn supuesto a partir de los datos experimentales obtenidos por
mutagénesis dirigida mediante docking convencional, docking ciego y dindmica molecular.

Se ha compilado una quimioteca virtual de 248 inhibidores de CXCR4 y 424 inhibidores de
CCRS extraidos de bibliografia, y 4696 compuestos tipo farmaco supuestamente inactivos,
sobre la que se han realizado los estudios de cribado virtual restrospectivos.

Se ha demostrado que los modelos de los coreceptores construidos pueden ser utilizados en un
cribado virtual structure-based docking, siendo capaces de enriquecer una base de datos
distinguiendo, de una manera mejor a la aleatoria, hits virtuales mas activos de menos activos
independientemente de la funcién de scoring utilizada.

Asimismo, se han aplicado técnicas de cribado virtual ligand-based basadas en shape
matching, modelos farmacofdricos y busquedas de similitud a la quimioteca compilada con el
fin de distinguir compuestos activos de inactivos. La comparacion de estas técnicas con las
herramientas de docking muestra que se obtienen mejores resultados utilizando las
aproximaciones ligand-based, concretamente shape matching (Parafit, Rocs, Hex), para las
dianas de estudio CXCR4 y CCR5.

Se ha disefiado una nueva aproximacion shape matching basada en el uso de una query
promedio de las formas esféricas harmonicas de un conjunto representativo de ligandos activos
de estudio. Los resultados del cribado virtual utilizando esta aproximacion superan los factores
de enriquecimiento obtenidos con otras técnicas de shape matching.

Se ha estudiado la hipdtesis propuesta de la multi-region de unidn para el coreceptor CCRS
mediante la construccion de diversas estructuras consensus query esféricas harmonicas. Se ha
medido su utilidad en el cribado virtual de la base de datos de inhibidores de CCRS5 compilada.
El resultado de este estudio muestra cuatro shape consensus clusters, los miembros de los
cuales se predice que se unen a tres subsitios solapados diferentes dentro de la cavidad de
unidon de CCRS.

Con respecto al analisis prospectivo del cribado virtual, se han obtenido buenos resultados
mediante las técnicas ligand-based utilizadas. Asimismo, los modelos farmacoféricos
disefiados y la funcion de scoring de docking Docked Energy proporcionan la mejor
correlacion con los datos de actividad experimentales. Los compuestos seleccionados mediante
el consenso de los filtros de cribado utilizados han rendido actividades satisfactorias.

Se ha disefiado de novo structure-based una quimioteca de posibles compuestos inhibidores de
CXCR4 segun las caracteristicas del sitio activo de dicho coreceptor.

Se ha validado el fingerprint de interaccion APIF disefiado en el laboratorio de disefio
molecular del IQS mediante un cribado virtual docking frente a cinco dianas terapéuticas
cristalograficas. Los resultados muestran que dicho fingerprint es 1til como filtro en el cribado
virtual docking y en la seleccion de poses/hits virtuales que satisfagan una interaccion de
referencia proteina-ligando.
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Conclusions

Conclusions
The advances afforded in the present work are:

e The structural characterization of CXCR4 and CCRS5 co-receptor models has been improved
by means of systematic conformational analysis implemented in Congen. Both co-receptors
models have been validated by molecular dynamics, blind docking, and conventional docking
of high-affinity antagonists. The docking modes obtained with these ligands are compatible
with the available SDM data on key ligand binding residues.

e A virtual combinatorial library of 248 CXCR4 and 424 CCRS5 inhibitors, and 4696 presumed
inactive compounds, has been compiled from the literature to perform retrospective virtual
screening of antagonists against these co-receptors.

e The co-receptors models built have been used in a structure-based docking virtual screening,
yielding reasonable database enrichment by distinguishing virtual hits from decoys,
independently of the scoring function, better than random.

e Shape matching, similarity searches, and pharmacophore models ligand-based virtual
screening tools have also been applied to the compiled library in order to distinguish active
compounds from decoys. The comparison of these approaches with docking tools shows that
ligand-based searches, especially shape matching (Parafit, Rocs, Hex), are superior to docking-
based approaches for the CXCR4 and CCRS targets studied.

e A novel spherical harmonic consensus shape-based approach has been developed. This study
has shown that using spherical harmonic consensus shapes as queries can be a useful strategy
to improve hit enrichments in shape-based virtual screening. ROC plot analyses show an
improvement of virtual screening results using the new approach.

e The CCRS5 multiple-binding-region hypothesis has been quantitatively explored by
constructing different trial spherical harmonic consensus query structures and by measuring
their virtual screening utility against our CCRS5 inhibitor database. This study found four main
super consensus clusters whose members are predicted to bind to three different but somewhat
overlapping sites within the CCRS5 pocket. Pseudomolecules corresponding to these super
consensus clusters were docked into the CCR5 pocket, and the locations of these positions
were related to the locations predicted by previous docking studies. Several compounds within
each consensus group have experimentally supported or computationally predicted binding
modes which are consistent with the locations of the super consensus clusters docked here.

e Regarding the prospective virtual screening, ligand-based approaches used give good results.
Also, pharmacophore models and Autodock Docked Energy scoring function give the best
correlation with experimental activity data. Molecules found at the first positions of the
consensus ranked hit list showed satisfactory activity values.

o A library of possible CXCR4 inhibitors has been de novo structure-based designed according
to the CXCR4 binding site features.

e The new interaction fingeprint APIF, developed in the molecular design laboratory in 1QS, has
been validated by docking virtual screening of estrogen receptor-alpha, trypsin, rhinovirus,
HIV protease, and carboxypeptidase experimentally determined X-ray crystal structures.
Results obtained show that APIF has proven to be suitable for ranking and filtering docking
virtual screening results and selecting virtual poses/hits satisfying a defined ligand-protein
interaction reference.
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Modelo 3 CCR5

Modelo por homologia construido con Moe-Align y Moe-Homology utilizando como plantillas
la proteina P2-adrenérgico (codigo PDB 2rhl) y la proteina rodopsina bovina (c6digo PDB
1ul9) para los loops intermedios.

SN

Rodopsina bovina (codigo PDB 1ul9) [2-adrenérgico (codigo PDB 2rh1)

Figura 1 Modelizacion por homologia del co-receptor CCRS. Arriba se muestran las estructuras
tridimensionales del $2-adrenérgico y rodopsina bovina. Abajo se muestra la superposicion del modelo de
CCRS (rojo) obtenido por homologia a partir de las plantillas B2-adrenérgico (verde) y rodopsina bovina
(azul).



El modelo se valida con Procheck obteniendo el 70,9% de los residuos en regiones
favorables del mapa de Ramachandran y el 26,8% de los residuos en regiones
permitidas.

Se realiza un cribado virtual retrospectivo por docking utilizando este modelo y una base de
datos de 354 inhibidores de CCRS extraidos de la literatura y 4696 compuestos supuestamente
inactivos extraidos de la quimioteca Maybridge Screening Collection (en el Articulo I se
detallan estas bases de datos). Primeramente se realiza el docking con Moe del compuesto
activo TAK779 para comprobar que se detectan las interacciones entre dicho ligando y los
residuos claves del co-receptor identificados segun los estudios de mutagénesis dirigida
(detallados en el Articulo I).

Figura 2 Docking del compuesto activo TAK779 y el modelo 3 CCR5 con Moe.

El cribado virtual se lleva a cabo con Autodock 4 utilizando los mismos parametros definidos en
el Articulo I. La funcidén de scoring utilizada en este caso es AutoDock41 score.

Figura 3 Docking de un compuesto activo de la base de datos con Autodock 4.



Los resultados obtenidos en el cribado virtual no mejoran los obtenidos con los modelos modelo
1 CCR5 y modelo 2 CCR5, mostrando en este caso un comportamiento cercano al aleatorio. Por
ello no se utiliza como filtro en el protocolo de cribado de potenciales inhibidores de entrada del
VIH llevado a cabo en este estudio.

Curva de enriquecimiento para el cribado virtual del modelo 3 CCR5
100 -

90 -
80 -
70 -
60 -
50 -

40 1

30 1 + Base de datos cribada con la funcion de

scoring AutoDock 4.1 score

% Activos Encontrados

20 -
+ Base de datos cribada de manera aleatorig

0 T T T T T T T T T )
0 10 20 30 40 50 60 70 80 90 100

% Base de datos cribada

% Base de datos cribada EF (Factor de enriquecimiento)
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40 1.20
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Figura 3 Curva de enriquecimiento para el cribado virtual retrospectivo por docking utilizando el modelo
3 CCRS.
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Structure-Based Design,

Virtual Screening,

Synthesis, and Biological Evaluation of Novel
HIV Entry Inhibitors For The CXCR4 Receptor

Violeta . Pérez-Nueno', Laia Ros-Blanco®®, Sofia Pettersson®®, Raimon Puig de
la Bellacasa®®, Maria Obdulia Rabal'®, Xavier Batllori®!, Bonaventura Clotet™,
Imma Clotet-Codina™, Mercedes Armand-Ugon'™, José Estél, José I. Borrell®,

and Jordi Teixido®*

The CXCR4 receptor has been shown to interact with the human
immunodeficiency viral envelope glycoprotein gp120 leading to fusion
of viral and cell membranes. Therefore, ligands which can attach to
this receptor represent an important class of therapeutic agents
against HIV, thus inhibiting the first step in the cycle of virus infection:
the virus-cell entry/fusion. Here we report a structure-based de novo
design study and virtual screening structure-based (docking) and
ligand-based (pharmacophore modelling, shape matching and

Introduction

According to the Joint United Nations Programme on HIV/AIDS
(UNAIDS) and World Health Organization (WHO), a total of 33.2
million [30.6-36.1 million] people were living with human
immunodeficiency virus (HIV) in 2007. A total of 30.8 million
[28.2-33.6 million] adults’ infections, 15.4 million [13.9-16.6
million] women’s infections, and 2.1 million [1.9-2.4 million]
children’s under 15 years infections . There were 2.5 million
[1.8-4.1 million] new cases and 2.1 million [1.9-2.4 million]
deaths in 2007. The process of HIV entry begins when it binds to
a CD4 receptor and one of two co-receptors on the surface of a
CD4" T- lymphocyte (CXCR4 or CCR5) @. The virus then fuses
with the host cell. After fusion, the virus releases RNA into the
host cell. The reverse transcriptase HIV enzyme converts the
single-stranded HIV RNA to double-stranded HIV DNA. The
newly formed HIV DNA enters the host cell's nucleus, where the
HIV enzyme integrase "hides" the HIV DNA within the host cell's
own DNA. Host RNA polymerase creates copies of the HIV
genomic material, as well as shorter strands of messenger RNA
(mRNA). The mRNA is used to make long chains of HIV proteins.
The protease HIV enzyme cuts the long chains of HIV proteins
into smaller individual proteins. As the smaller HIV proteins come
together with copies of HIV's RNA genetic material, a new virus
particle is assembled. The newly assembled virus "buds" from the
host cell taking part of the cell's outer envelope which acts as a
covering studded with HIV glycoprotein’s necessary for the
subsequent virus CD4 and co-receptors binding ' . Current
antiretroviral therapies (ARTs) against HIV are generally based
on the combination of reverse transcriptase and protease

similarity searches) tools to find new potential HIV entry inhibitors for
the CXCR4 receptor. A library of anti-HIV expected compounds was
created from de novo designed ligands. Virtual screening tools were
applied to select the hypothetical most active compounds, and some
of them were synthesized. In vitro activity testing in cell cultures
against HIV strains led to the identification of active CXCR4 inhibitors
in the range from x to y ug/ml without cytotoxicity at tested
concentrations.

inhibitors which is known as highly active antiretroviral therapy
(HAART). At the present time there are 8 nucleoside/nucleotide
reverse transcriptase inhibitors (NRTIs/NtRTIs), 4 nonnucleoside
reverse transcriptase inhibitors (NNRTIs), 10 protease inhibitors
(PI), a single fusion inhibitor (Enfuvirtide, Roche Pharmaceuticals),
an entry inhibitor (Maraviroc, Pfizer), and an integrase inhibitor
(Raltegravir, Merck Sharp & Dohme) available for the treatment of
HIV infection ©!. Despite the large number of drugs available,
there are several concerns about antiretroviral regimens. The
drugs can have serious side effects, regimens can be
complicated, requiring patients to take several pills at various
times during the day, drug resistance, latent viral reservoirs, and
drug induced toxic effects that compromise effective viral control
can be developed. Fusion/entry inhibitors have been shown to be
effective in patients harbouring resistance to the NRTI, NNRTI,
and Pl classes '®. Therefore, there is considerable interest in
developing novel ligands that are resistant to the currently used
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drugs or new agents belonging to new classes that further
heighten the effectiveness and durability of HIV therapy " ©,

This article focuses on the design of novel ligands that target
virus attachment to CXCR4 receptor and hence block virus-cell
entry/fusion. Because no CXCR4 crystal structure currently exist,
a de novo design structure based was carried out using a built 3D
model by homology from the available template structure, bovine
rhodopsin 1. A library of anti-HIV expected compounds was
created from the de novo designed ligands. Virtual screening
(VS) approaches (docking, pharmacophore modelling, shape
matching and similarity searches) were performed to select
potential active ligands that can interfere with the active site of
CXCR4 receptor. Following virtual screening, synthetically
accessible compounds were selected, synthesized, and anti-HIV
activity was evaluated.

Results and Discussion
Structure-Based Design and Virtual Screening

LUDI " interaction sites were generated on CXCR4 binding
pocket according to key site directed mutagenesis (SDM)-defined
binding residues (Asp171, Asp262, and Glu288) [" 13- [131. [14],

LUDI approach yielded a total of 200 new ligands based on
the 20 highest-ranked scaffolds from standard calculations. The
range of Ludi Energy Estimate 3 " scores were from 1040
(corresponding with a predicted Ki ~ 0.01 pM) to 280 (mM range).
To further prioritize, focus was placed on the ligands that had the
best scores and accomplished the necessary molecular
interactions to bind CXCR4 receptor. In order to do this selection,
the best scoring function to rank-order the hit list and score the
docking poses was selected from a training set docking analysis.
Ludi Energy Estimate 3 (Ludi_3) "®, PLP2 " LigScore2 ', Jain
'8 and PMF ¥ scoring functions were calculated. Also, scoring
was concatenated after docking, with in situ ligand minimization
obtaining Ludi_3_dock, PLP2_dock, LigScore2_dock, Jain_dock,
PMF_dock, DockScore and consensus scoring functions. Figure
1 shows the results from this analysis. It can be seen that Ludi_3
and LigScore2 are the functions that perform better, so the final
output list was obtained selecting the designed compounds with
Ludi_3 scores greater than 700, predicted to be uyM inhibitors.

Figure 1. LUDI CXCR4 docking-based enrichments for the training set
molecules used in de novo design approach. Enrichment curves obtained using
several docking protocols for the training set molecules, composed of forty three
known CXCR4 inhibitors from the literature, used in de novo design. The

enrichments are used to assess the best scoring function to score new
designed molecules.

Also, visual inspection of the docking results confirmed that
selected molecules interact with CXCR4 binding site according to
the knowledge of the SDM data. Figure 2 shows a high Ludi_3
compound docked into CXCR4 binding pocket and Figure 3
shows the same compound pose inside the LUDI interaction sites
generated for the fragment-based approach. It can be seen that
the proposed binding mode fits very well into the interaction sites.
All  hydrophobic groups of the designed ligand occupy
hydrophobic sites on CXCR4, while NH groups at the aromatic
rings fit into the hydrogen bond acceptor sites, making it possible
to form the hydrogen bond with the carboxylic acids Asp262 and
Glu288 of CXCR4.

Figure 2. Close-up view of a high Ludi_3 score de novo designed compound-
CXCR4 binding conformation. The view on the left shows the de novo designed
compound docked within the CXCR4 pocket. The de novo designed compound
binding site is depicted using a Gaussian contact surface. The view on the right
shows in detail the calculated binding conformation. In this docking prediction,
the nitrogen of the seven-membered aromatic ring interacts with the two
carboxylic oxygens of Asp171 and Asp262, and the nitrogen of the five-
membered aromatic ring interacts with the two carboxylic oxygens of Glu288.

Figure 3. LUDI interaction sites generated on CXCR4 binding pocket: grey —
hydrophobic sites, blue-white — hydrogen bond donor sites, red-grey — hydrogen
bond acceptor sites. These sites indicate where particular groups of the ligand

2



molecule should be placed in the protein binding site to make favourable
interactions. Proposed binding mode of a high Ludi Energy Estimate 3 score de
novo designed compound is shown (in green ball and stick representation) to
reveal how it fits into the interaction sites. Only Asp171, Asp262, and Glu288
binding site residues of the CXCR4 structure are shown in yellow ball and stick
representation for clarity of the figure.

Furthermore, more compounds were de novo designed from
p-xilil and piridone defined scaffolds by binding fragments from
LUDI internal library and ZINC fragments database % The
scaffolds were pre-docked first onto the CXCR4 active site
obtaining poses according to the knowledge of SDM data.
Fragments were bound to the scaffolds taking into account a) a
defined radius from the pre-docked p-xilil and piridone moieties
and b) defined linking points selected on the scaffolds as well as
a defined radius from the link points. Figure 4 shows the linking
points for p-xilil and piridone defined scaffolds. Ligands that had
the best Ludi_3 scores and accomplished the necessary
molecular interactions to bind CXCR4 receptor were selected.

a)

cH,—
I cr,

b)

I i,

I Cr, O

CN

Figure 4. Linking points (black rectangles) selected on p-xilil (a) and piridone (b)
pre-docked scaffolds for fragments binding.

The final de novo list was composed of a total of 208 ligands
designed based on CXCR4 structure. Due to the difficult synthetic
feasibility of some of the proposed molecules, starting from the
commercially available fragments used to virtually build them, a
virtual combinatorial library of more synthetically accessible
compounds was designed (130 structures) focusing on de novo
selected fragments, distances between heteroatoms and
chemistry of de novo ligands. These compound structures were
built using MOE ", They were protonated at physiological pH
(i.e., pH 7), Gasteiger partial charges were assigned ?, and the
geometry was optimized using the MMFF94 force field.

The final library of 338 compounds was virtually screened in
order to select the best compounds to be synthesized and tested.
Structure-based and ligand-based tools that best performed in
our previous prospective virtual screening experiments 2® were

used. Docking using GOLD ! and HEX ! shape matching
using PARAFIT 8 ROCS # and HEX #¥, and pharmacophore
modelling using MOE and Discovery Studio ® were applied.

The different used approaches selected similar molecules at
the first percentages of the ranked hit lists. Compounds selected
by the different ligand-based virtual screening tools were
practically the same, whereas the ones selected by structure-
based docking tools included also some others. A consensus
“Rank-by-Vote” ! of all the first hit ranking lists compounds
found by the aforementioned approaches was performed.
Different descriptors and ADME properties were calculated for
these compounds using QIKPROP B% and similarity searches
with respect to a known active compound using QIKSIM B". The
compounds with the best ADME-tox properties or more similar to
the known active properties were selected to be synthesized.

Chemistry
(Results and Discussion)

Synthetic compounds with their names to refer them

((Insert Scheme here. Note: Please do not combine scheme and
caption in a textbox or frame))

Scheme 1. ((Scheme Caption.))

Anti-HIV-Activity

A consensus evaluation of all the virtual screening
aforementioned methods led to the selection of x compounds to
be synthesized: 1, 2, 3, 4 and 5. All compounds were classified in
the top of the ranked virtually screened lists but we selected the
two best ranked and the three best classified type of compounds.
1 and 2 compounds showed anti-HIV activity values of x and y
pg/ml respectively. 3 and 4 showed anti-HIV activity values of x
and y yg/ml respectively. 5 was toxic at a concentration of x pg/ml
and showed no activity below this concentration (Table1).

Table 1. Hit selection. Structure, anti-HIV activity (ECs,) and cytotoxicity (CCso)
of selected hits.

Compound ECso / pug/ml CCso / pg/mi ®!
Column 1 Column 2 Column 3
Column 1 Column 2 Column 3

[a] Effective concentration 50 or the concentration required to inhibit HIV-
induced cell death by 50% as evaluated with the MTT method in MT-4 cells. [b]
Cytotoxic concentration 50 or the concentration required to induce 50% death
of non-infected MT-4 cells as evaluated with the MTT method. Reference
compounds: AMD3100: ECs=0.001 pg mL”, CCs=>5 npg mL"; DS:
ECs50=0.011 pg mL™", CC5,=>125 ug mL™".




Conclusion

In summary, we employed a structure-based design followed by a
virtual screening structure- and ligand-based selection to identify
compounds able to interfere with the active site of CXCR4
receptor. Selected compounds showed anti-HIV activity values
below x ng mL™" and displayed no cytotoxic effects at the tested
concentrations. Studies on the mode of action of these
compounds showed that they inhibited the CXCR4 coreceptor,
thus validating the initial target compound design. Therefore,
these new ligands might serve as novel leads for further
pharmacological investigations as therapeutic agents against HIV.

Experimental Section
De Novo Design Structure-Based

The structure-based design of inhibitors was performed on Discovery
Studio (DS) 1.7 environment ¥ using CXCR4 structure homology
modelled from bovine rhodopsin template (pdb code 1HZX) ¥\ We
applied De Novo Receptor and Link mode DS protocols for running
LUDI " to find fragments in LUDI internal library that bound to the
receptor. Starting with the definition of the CXCR4 binding site
according to SDM data ), LUDI derived potential interaction sites for
ligand functional groups based on the chemistries presented by the
target. First, the receptor-mode LUDI algorithm was used to position a
series of small molecules into the CXCR4 active site. Then new
chemotypes were built using the LUDI link-mode by attaching small
organic fragments to the output molecules (scaffolds) to grow new
molecules in the active site via de novo design. After defining a
scaffold, the LUDI link-mode was activated to search for fragments
that could covalently link to the scaffold and contain new non-bonded
interactions (hydrogen bond donors, hydrogen bond acceptors, and
lipophilic contacts) with the protein. Each fragment was attached and
conformational flexibility where two rotatable bonds could be
simultaneously moved was allowed. All fragments were automatically
fused to the scaffold, bond orders fixed, and duplicates removed. In
the final list, 10 molecules for each initial scaffold were generated.

We also applied De Novo Evolution DS protocol for running
AUTOLUDI " to find fragments that increased binding on the defined
ligand scaffolds p-xilil and piridone. We used both the Full Evolution
and Combinatorial modes to vary the nature of fragment selection and
construction of new molecules. On Full Evolution mode, fragments
from LUDI internal library and ZINC fragment-like library ?* were
bound to p-xilil and piridone moieties using a radius of 12-14 A from
the pre-docked scaffolds for defining the active site. For p-xilil scaffold,
AMD3100 CXCR4 known inhibitor (two cyclam moieties tethered by a
1,4-phenylenebis(methylene)-bridge) ®? was used in the pre-docking
run. After the calculation, the two cyclam moieties were removed
leaving the p-xilil linker alone. Scaffolds’ pre-docking was carried out
with AUTODOCK 4.0 ®¥ using a 61x61x61 grid with a grid spacing of
0.375 A and centred on the SDM-defined ligand-binding site. 100
independent Lamarckian genetic algorithm (LGA) runs were
performed and pseudo-Solis and Wets minimization methods were
applied by using default parameters. Lowest binding energy
conformations were selected. Results from docking analyses were
assessed by using the knowledge of the SDM data. On Combinatorial
mode, fragments from LUDI internal library were bound to p-xilil and
piridone moieties using a radius of 10 A from selected scaffold linking
points. For both modes, 20 molecules for each initial scaffold were
generated.

All de novo designed compounds were ranked according to a scoring
function. Ludi Energy Estimate 3 ', PLP2 "¥, LigScore2 "), Jain®
PMF ™ and consensus scoring functions were calculated. In a
retrospective docking analysis using forty three active CXCR4
inhibitors from the literature !, scoring functions Ludi Energy Estimate

3 and Ligscore2 were the ones that scored the resulting hit list better,
so these scoring functions were used to select the designed
compounds to be synthesized and tested. In order to validate that
selected compounds accomplished the necessary molecular
interactions to bind CXCR4, LIGANDFIT DS tool ¥ was applied to
dock them within the co-receptor binding site. DockScore ®* energy
function was used. Scoring was also concatenated after docking, with
in situ ligand minimization. The satisfactory results obtained were
assessed using the knowledge of the SDM data.

Virtual Screening

Docking-based VS was performed using GOLD 4.0 ** (ChemScore
and GoldScore scoring functions) and HEX 4.8 ® (Docked Energy
scoring function) following the protocol described in Pérez-Nueno et
al. . Shape-based VS was performed using PARAFITO8 P
(Tanimoto score in single query and consensus query modes), ROCS
2.3.1 ®1 (Combo and Tanimoto scores), and HEX 4.8 ** (Tanimoto
score), by superposing each of the database compounds onto
AMD3100 query in PARAFITO08 single query mode, ROCS, and HEX,
and the consensus of AMD3100 2, a macrocycle derivative ®®, and a
KRH derivative ®7 in PARAFITO8 consensus query mode as
described in Pérez-Nueno et al. ®®. Pharmacophore-based VS was
performed using MOE ©' (Pharmacophore Elucidate and
Pharmacophore Query modules) and Discovery Studio ¥ (Hypogen
and HipHop algorithms) following the protocol described in Pérez-
Nueno et al. &,

The chemical similarity search was carried out using QIKPROP % to
calculate 46 descriptors and pharmaceutically relevant properties for
all database compounds. The Tanimoto coefficient was calculated for
all database compounds descriptors with respect to a) AMD3100
descriptors and b) N-(4-((3-(2-Methylpiperidin-1-
yl)propylamino)methyl)benzyl)-3-(2-methylpiperidin-1-yl)propan-1-
amine ¥ descriptors using QIKSIM B",

Chemistry General Methods

Infrared spectra were recorded in a Nicolet Magna 560 FTIR
spectrophotometer. 'H- and "®C-NMR spectra were recorded in a
Varian Gemini-300 operating at a field strength of 300 and 75.5 MHz,
respectively. Chemical shifts are reported in parts per million (6) and
coupling constants (J) in Hz using, in the case of 'H-NMR, TMS as an
internal standard and setting, in the case of *C-NMR the reference at
the signal of the solvent, 77.0 ppm (CDCl;). Standard and peak
multiplicities are designated as follows: s, singlet; d, doublet; t, triplet;
q, quartet; quint, quintet; m, multiplet; br, broad signal. Mass spectra
(m/z (%), El, 70 eV) were obtained using a Hewlett Packard HP5988A
spectrometer and high resolution mass spectra were obtained using a
Micromass Autospec spectrometer. Elemental microanalyses were
obtained on a Carlo-Erba CHNS-O/EA 1108 analyzer. Thin layer
chromatographies (TLC) were performed on precoated sheets of
silica 60 Polygram SIL N-HR/UV254 (Macherey Nagel art. 804023).
Flash chromatography was performed using silica gel 35-70 um (SDS
art 2000027).

Synthesis of xxx General Procedure
((Experimental Details))
Synthesis of xxx General Procedure
((Experimental Details))

Synthesis of xxx General Procedure

((Experimental Details))



Antiviral Activity Evaluations

HIV-1 strains were titered in MT-4 cells after acute infection, and
infectivity was measured by evaluating the cytopathic effect induced
after 5-day cultures as described “?. Anti-HIV activity (ECs) and
cytotoxicity (CCsp) measurements in MT-4 cells were based on
viability of cells that had been infected or not infected with HIV-1, all
exposed to various concentrations of the test compound. After the
MT-4 cells were allowed to proliferate for 5 days, the number of viable
cells was quantified by a tetrazolium-based colorimetric method (MTT
method) as described.

Time of Drug Addition Studies

MT-4 cells were infected with HIV-1 NL4-3 at a multiplicity of infection
of 0.5 and incubated for 1 h at 20 °C in the presence or absence of
test compounds. Cells were then washed twice in cool PBS and
seeded in 96-well plates at a concentration of 2 x 105 cells/well (final
volume 200 plL) at a temperature of 37 °C. Test compounds, dextran
sulfate, AMD3100, C34 or AZT were added at various times
postinfection or cultured in the absence of drug. Test compounds
were added at concentrations that completely block HIV replication
(roughly 100-fold higher than the determined ECs,) of each drug in the
standard assay performed with MT-4 cells. Virus production was
measured by p24 antigen determination in the cell supernatant after
30 h postinfection with a commercial p24 antigen ELISA
(Innogenetics, Barcelona, Spain) "1,
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AVENCOS EN FARMACOLOGIA

Nous farmacs per bloquejar

’entrada del VIH a les cél-lules

Universitat Ramon Llull

La Sindrome d’Immunodeficiéncia

Adquirida (SIDA) ha esdevingut una
terrible malaltia d’abast global. D’acord
amb les dades recollides per ’Organitza-
ci6 Mundial de la Salut, s’estima que ac-
tualment 39 milions de persones conviuen
amb aquesta malaltia i que el 2006 han
aparegut 4,3 milions de casos nous. La
principal causa de la SIDA és la infeccid
de cél-lules hoste pel virus de la immu-
nodeficiéncia humana (VIH). Les terapies
anti-retrovirals actuals (ART) contra la SI-
DA, basades generalment en inhibidors
de la transcriptasa reversa i de la protea-
sa, poden controlar la propagaci6 del vi-
rus i arribar a aconseguir millorar la qua-
litat de vida dels pacients, perd no poden
arribar a eliminar el virus del cos i poden
tenir efectes secundaris no desitjats. Di-
versos investigadors del grup de recerca
del Prof. Jordi Teixidé de U’Institut Quimic
de Sarria (IQS) consideren com a alterna-
tiva molt prometedora el desenvolupa-
ment de noves terapies que puguin pre-
venir ’entrada del VIH a les cél-lules hoste
i, pertant, bloquejar la primera etapa cru-
cial del procés d’infecci6 del virus.

“El descobriment del procés d’in-
fecci6 de cél-lules per VIH mostra que
aquest s’inicia mitjancant la fusio del vi-
rus amb la cél-lula diana gracies a la uni6
de la glicoproteina gp120 del virus amb
el receptor proteic CD4 i els coreceptors
CXCR4 o CCR5 de la cél-lula diana”, ex-
plica Jordi Teixid6. A partir d’aquest des-
cobriment ha aparegut un interés consi-
derable pel desenvolupament de nous
lligands els quals modulin els canvis con-
formacionals dels coreceptors i, per tant,
bloquegin la fusié del virus a les cél-lules.

Aixi, aquest grup de recerca esta uti-
litzant diferents aproximacions computa-
cionals i experimentals per identificar com-
postos actius bloquejadors dels coreceptors
CXCR4 i CCR5 que puguin, per tant, inhi-
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Figura 1. Cribatge virtual basat en l'estructura:
Docking CXCR4-AMD3100.

Figura 2. Cribatge virtual basat en els lligands:

acarament de forma (shape matching). Molécules
AMD3100i AMD 3167.

bir ’entrada del VIH a les cél-lules. “Ge-
neralment, aquestes aproximacions te-
nen com a objectiu el cribratge rapid de
grans quimioteques de compostos can-
didats a possibles farmacs. Actualment,
hom es refereix a aquestes aproximacions
computacionals com a métodes de cri-
bratge virtual (virtual screening). Aixi, el
cribratge virtual de quimioteques de com-
postos ha esdevingut una alternativa apro-
ximada pero (til als métodes de cribratge
real al laboratori de grans quimioteques
de compostos (high-throughput screening
methods)”, explica Teixid6. En el cribrat-
ge virtual, els compostos poden ser se-
leccionats i filtrats mitjancant recerques
de semblanca 2D o 3D, aplicant técniques
d’analisi de diversitat i avaluant la inte-
racci6é o acoblament (docking) de com-
postos contra una proteina diana. Els com-
postos poden també ser seleccionats en

funci6 de les seves propietats fisiques
predites (estudis ADMET) i en funcié de la
seva accessibilitat sintética. Aquestes
aproximacions poden ser aplicades a con-
junts de compostos, ja sigui de manera
seqliencial o en paral-lel.

En termes generals, aquests méto-
des poden ser classificats com métodes
basats en ’estructura (structure-based
methods), utilitzats quan ’estructura del
receptor és coneguda, com per exemple
els métodes de docking i ligand-based
searches; o métodes basats en els lli-
gands, usats quan el procés de cribratge
només té en compte la caracteritzaci6 de
compostos actius coneguts, per exemple
en la comparacié de propietats 2D/3D uti-
litzant actius coneguts com a referéncia
o0 en la construccié de models farmacoforics.
Les técniques de cribratge virtual es po-
den aplicar a conjunts de compostos ac-
tius coneguts, el que s’anomena analisi
retrospectiva, amb la finalitat d’establir
parametres apropiats i validar el protocol
de cribratge. Un cop validat, també pot
seraplicat per seleccionar compostos dels
quals es vol testar la seva activitat i és
anomenat analisi prospectiva. Aparent-
ment, els métodes basats en l’estructu-
ra, els quals utilitzen estructures de la pro-
teina diana conegudes o modelades/
construides, haurien de ser els que pro-
porcionessin els millors models de cri-
bratge, ja que persegueixen avaluar les
interaccions proteina-lligand. No obstant
aixo, ’ts d’aproximacions basades en
estructura depén criticament de la qua-
litat de les estructures de la proteina d’es-
tudi disponibles i del programari d’aco-
blament emprat. Per aquest motiu, els
diversos métodes computacionals em-
prats dins el camp del descobriment de
farmacs sovint utilitzen una combinacié
d’ambdues técniques, basades en |’es-
tructura i basades en els lligands.

Com expliquen els integrants del
grup, en aquest projecte s’ha construit
una base de dades de compostos actius
procedents de la literatura (molécules
derivades de ’AMD3100, macrocicles,
analegs del KRH1636, compostos del ti-
pus complex dipicolilamina-zinc(ll) i tetra-
hidroquinolines com a inhibidors de
CXCR4; derivats del SCH-C i 13 families
més com a inhibidors de CCR5), com-
postos sintetitzats al grup i compostos
inactius drug like procedents de la bi-
blioteca Maybridge amb propietats si-
milars als compostos actius.



Els compostos sintetitzats al grup
formen part d’'una quimioteca virtual dis-
senyada com a analegs de ’AMD3100
(compost de referéncia inhibidor del co-
receptor CXCR4), és a dir, sistemes poli-
nitrogenats separats per un espaiador
p-fenilénic. D’aquesta quimioteca s’ha
seleccionat un conjunt de compostos di-
versos mitjangant el programari propi del
grup, PRALINS, per tal de dur a terme la
seva sintesii assaig de l'activitat (en col-
laboracié amb el grup del Dr. Esté del la-
boratori de retrovirologia de I'IrsiCaixa).
Els compostos actius trobats s’han inclds
com a actius de la base de dades. Per tro-
bar altres compostos actius s’han emprat
les técniques de cribratge virtual.

Per la banda de métodes basats en
el lligand, s’han realitzat estudis de QSAR
(@amb el programari MOE), a partir dels quals
s’obté una funcié que relaciona l’estruc-
tura de molécules amb la seva activitat
d’una manera quantitativa, disseny de far-
macofors o models tridimensionals en els
quals es defineixen les caracteristiques es-
sencials que han de tenir les molécules per
interaccionaramb els receptors, shape mat-
ching (PARASHIFT, ROCS) amb el qual es
defineix la forma que han de complir les
molécules per presentar activitat.

Per als métodes basats en 'estruc-
tura, és necessari disposar de l’estructu-
ra del receptor. Les dianes sén els core-
ceptors CXCR4 i CCR5, els quals pertanyen
a la familia de les proteines GPCR
(G-protein coupled receptors). L’ (inica es-
tructura que es troba cristal-litzada d’aques-
ta familia és la rodopsina bovina, la qual
s’utilitza com a referéncia en el modelatge

per homologia dels coreceptors (MODE-
LLER, CONGEN). Un cop obtinguts els mo-
dels s’empren les técniques d’acoblament
(AUTODOCK, GOLD, FRED) peravaluar les
interaccions proteina-lligand mitjancant
una funcié de puntuacié (scoring). L’ls
de técniques de dinamica molecular, cos-
toses computacionalment, permeten re-
finar les conformacions obtingudes a l'aco-
blament proteina-lligand.

Noves terapies per
prevenir 'entrada del VIH a les
cél-lules hoste com a possible

alternativa a les terapies
antiretrovirals actuals

A més, s’han realitzat estudis de no-
vo design (CERIUS) per tal de trobar es-
quelets (scaffolds) candidats a seractius
o modificar les molécules actives ja sin-
tetitzades pel grup. S’utilitza l'estructura
dels receptors per identificar la geome-
tria i el tipus d’interacci6é que han de te-
nir els lligands per unir-s’hi.

Pervalidar els models i fixar els mi-
llors parametres de cadascun d’ells s’ha
realitzat una analisi retrospectiva del cri-
bratge virtual emprant les bases de da-
des d’actius i d’inactius confeccionades.
Un cop determinats els millors models es
realitza ’analisi prospectiva per tal d’es-
tablir un ranquing de possibles nous in-
hibidors de CXCR4 i CCR5 per ser sinte-
titzats als laboratoris de I'lQS. |

Grup d'Enginyeria Molecular de U'Institut Quimic de Sarria.

Noves tecnologies
en CATALA!

El nom dels
signes

Qui no ha dubtat alguna vegada sobre
el nom de signes grafics, com ara @, #
0 &, d’s gairebé imprescindible en am-
bits com la informatica o la telefonia?

El signe @, conegut amb el nom
d’arrova o rova (arroba, en castella; at,
en anglés), ja era utilitzat a ’edat mit-
jana per a abreujar la preposici6 llati-
na ad. Després, es va especialitzar en
usos mercantils i ha perdurat fins als
nostres dies convertit en un element
obligat en les adreces electroniques,
que separa la signatura de l'usuari de
I’ordinador que I’hostatja.

Un altre signe forca conegut, i uti-
litzat sobretot en els teclats telefonics
i altres aparells electronics, és el sig-
ne #. En catala, rep la denominacié de
coixinet o quadradet (almohadilla o
cuadradillo, en castella; hash, pound
0 square, en anglés) i, segons la pro-
gramacio6, pot tenir diverses funcions.

Finalment, el signe &, que ex-
pressa una relacié copulativa entre dos
elements, i que se sol utilitzar com a
operador logic en I’ambit de la in-
formatica i com a component de mol-
tes firmes comercials, també té, com
en el cas de l'arrova, una llarga tradi-
cid, atés que prové de la lligadura de
les lletres e i t que formen la conjun-
ci6 llatina et (‘i"). Per a aquest signe,
forca conegut a casa nostraamb el seu
nom anglés ampersand, el catala ha
fixat la denominaci6 et, que reprodueix
amb precisio la forma i el significat lla-
ti original, i, com a forma sindnima, la
denominaci6 i comercial, nom utilitzat
tradicionalment en ’ambit de les arts
grafiques, tant en catala com en les al-
tres llengiies romaniques (i comercial,
en castella; et commercial, en franceés;
e commerciale, en italia; e comercial,
en portugues).

. termcat
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SHAPE-BASED VIRTUAL SCREENING

PARAFIT CONSENSUS SHAPE 69 Berlex dataset cmpds
3388 drug like cmpds
with 1D properties

The three “different scaffold” reference compounds of Berlex dataset similar to Berlex active
(cmpd01x, cmpd02x, cmpd10h). cmpds
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L ui | %
Consensus shape cmpd1 cmpd2 cmpd10h
(3 active compounds)

The six PCA selected compounds of Berlex dataset.
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(6 PCA compounds)
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Introduction

G protein-coupled receptors (GPCRs) are one of the most exploited groups of drug targets. We compare the application of structure-based and ligand-based virtual screening tools to find potential HIV entry inhibitors for the
CXCR4 and CCRS receptors using structure-based docking tools (AUTODOCK 3.0, GOLD 3.0.1, FRED 2.2.1 and HEX 4.8) and ligand-based shape matching software (PARASHIFT 06, ROCS 2.2 and HEX 4.8).

The comparison between these methods was based on virtual screening of a library containing 4696 presumed inactive drug-like compounds from the MAYBRIDGE ["! library, 248 CXCR4 actives (5 scaffolds) and 354 CCR5
actives (13 scaffolds) compiled from the literature 2! as reference sets. All ligands were initially protonated at physiological pH, assigned Gasteiger partial charges and energy minimized using the MMFF94 force field. The
ligands were then located approximately into their respective receptor binding pockets with the FlexAlign module of MOEO6 [ using the docked TAK779 and AMD3100 as superposition templates for CCR5 and CXCR4,
respectively. For each receptor we determined the enrichment factors and the diversity in the retrieved molecular scaffolds in the virtual hit lists. Overall, we find that ligand based shape matching searches give better results
than structure-based docking tools especially for CXCR4 . A new spherical harmonic shape-based virtual screening approach has been developed to improve CCR5 results.

Ligand Based Shape Matching Virtual Screenin
PARASHIFT 06, ROCS 2.2, HEX 4.8

PARAFIT 5 superposes and compares molecules using spherical harmonic (SH) expansions of the molecular
surface and local surface properties calculated by PARASURF 6. ROCS superposes molecules by a solid-
body optimization process that maximizes their Gaussian volume overlaps [l. We used the PARAFIT and
ROCS Shape Tanimoto scores (shape fit) and the ROCS Combo score (shape fit + chemistry) to screen the
databases. Similarly, HEX © 3D shape Tanimoto scores were calculated by maximizing the 3D density
overlap between pairs of colocated molecules using default HEX search parameters. The ligand based virtual
screening was performed by superposing every one of the database compounds onto a given query molecule
(TAK779 and AMD3100 for CCR5 and CXCR4, respectively). Some example superpositions are shown
below. In these figures the database compound is in blue/red and the query molecule is colour according to
atom type (blue:nitrogen, green:carbon, red:oxygen). These examples are shown as spherical harmonic
surface overlays drawn using HEX.

&8 G5 &8

PARAFIT alignment HEX alignment

Structure Based Docking Virtual Screenin
AUTODOCK 3.0, GOLD 3.0.1, FRED2.2, HEX 4.8

The CCR5 and CXCR4 receptors were homology modelled with MODELLER (backbone + loops) ! using
bovine rhodopsin as the template. The CXCR4 loops were refined with CONGEN [19, Docking was performed
using AUTODOCK [, GOLD ['?], FRED "3l and HEX [l In GOLD, constraints were specified in order to
obtain binding modes which involved key residues previously identified by site-directed mutagenesis. The
Docked Energy scoring function (AUTODOCK), the GoldScore and ChemScore scoring functions (GOLD),
the Chemscore, Oechemscore, Shapegauss, Chemgauss3, Screenscore, Plp, a consensus of these scoring
functions (FRED), and the Docked energy scoring function (HEX) were used to rank the ligand databases. A
consensus rank-by-rank score was also calculated using Autodock Docked Energy, Goldscore and
ChemScore scoring functions.

CXCR4

AMD3167 (database) superposed to
AMD3100 (query)

CCR5

SCH417690 (database) superposed to
TAK779 (query)

ROCS alignment TAK779-CCR5 Docking with Autodock 3.0 AMD3100-CXCR4 Docking with Autodock 3.0

/ Ligand Based Shape Matching: Spherical Harmonic Shape-Based Consensus Approach (PARAFIT 8.01) \
A new spherical harmonic shape-based virtual screening approach to classify and model diverse groups of molecules has been developed in PARAFIT 8.01. It uses a fast superposition technique based on spherical harmonic
decompositions of surface shapes in order to perform rapid and exhaustive comparison and clustering of multiple combinations of ligands in multiple trial superpositions. It allows the construction of a consensus 3D shape query

from a set of known binders by calculating the average of their individual expansion coefficient vectors. Two examples of shape consensus superpositions are shown below.
N 8 ‘ ‘ ‘ B ; ’ ’ '
SCH

Consensus shape (query) extracted AMD3100 Bisazamacrocycle KRH Consensus shape (query) extracted from Piperidine Trispirrolidinepiperdine
from AMD3100, Bi: to the to the to the Piperidine, Tri lidi iperidine and to the to the to the
and KRH derivates shape shape shape SCH derivates shape shape shape

Enrichment Comparison and Scaffold Diversity Analysis

The plots below sumarize the comparison of docking and shape matching enrichments for CXCR4 and CCR5 receptors. (a) Enrichment curves obtained using several docking and shape matching protocols. (b) Enrichment
factor for actives found within the top-ranking 1%, 5% and 10% compounds of the screened databases. The scaffold diversity plots (c, d, e) sumarize the retrieval rates for 4 families of CXCR4 and 13 families of CCR5 ligands.

CXCR4 inhibitors

a) Enrichment b) EF ©) 1% Database Screened d) 5% Database Screened €) 10% Database Screened
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Conclusions

The Diversity Analysis graphs show that, at 10% screened database, all of the CXCR4 scaffolds are found, whereas for CCR5 only AUTODOCK and FRED consensus find them all. Shape matching methods find first
compounds with a scaffold similar to the query. The Enrichment Comparison results for CCR5 show that AUTODOCK, ROCS Combo Score, PARAFIT, FRED Chemgauss3, Consensus and Shapegauss all give comparable but
somewhat modest enrichments. The corresponding results for CXCR4 show that Consensus Scoring, Chemgauss3 and FRED consensus are the best of the docking methods but are nonetheless worse than the ligand based
screening and that the similarity based functions give much better enrichments for CXCR4 than for CCR5. For shape-only comparisons, PARAFIT shape Tanimoto gives generally better results than ROCS and often gives
comparable results to the ROCS Combo Score in both cases. We are applying these tools for the identification of anti-HIV compounds whose activity is currently being tested ['41115],

Overall, our results show that CXCR4 model obtains good enrichments. However, CCR5 enrichments are not as good as those for CXCR4. The CCR5 seems to have a larger binding pocket than CXCR4 and, for this reason,
it is difficult for docking algorithms to locate feasible binding modes of the known actives. We are working to investigate a distributed binding site hypothesis by extending the SH-base shape-matching algorithm, to be able to
identify clusters of structural scaffolds from a large set of known actives. A first approach is shown here (PARAFIT Shape Consensus Tanimoto), which uses a “consensus shape”, extracted from the average of the individual
shapes for the most active ligands in the database belonging to different families, as the query for shape matching superpositions. In this way, the consensus query shape constructed from sterically similar known binders should
give better virtual screening enrichments than only using a simple shape as the query, as the results for CCR5 shown here. The results obtained seem to corroborate the hypothesis that known CCR5 binders can form two or

% more groups, that is to say, they have two or more binding modes, and thus, a consensus shape representative of different binding modes can improve virtual screening results.
Q
—
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Introduction

G protein-coupled receptors (GPCRs) are one of the most exploited groups of drug targets. Here, we compare the
application of structure-based and ligand-based virtual screening tools to find potential HIV entry inhibitors for the
CXCR4 receptor using structure-based docking tools (AUTODOCK3!, GOLD?, FRED?3, HEX?), ligand-based
pharmacophore modelling (MOES), and ligand-based shape matching approaches (PARASHIFT#4, ROCS®, HEX).
The comparison between these methods was based on a retrospective virtual screening of a library containing
some 4700 drug-like molecules” and different known CXCR4 inhibitors® as reference sets. We determined the
enrichment factors and the diversity in the retrieved molecular scaffolds in the virtual hit lists.

A library of anti-HIV expected compounds was designed, selected and some of their compounds were synthesized
in our group. The activity tests led to the identification of actives in the range from 20 to 0.008 ug/ml®. Experimental
binding assays confirmed that the mode of action of the active synthesized compounds was blocking CXCR4
receptor. Activity values were used for the development of ligand-based QSAR models (MOE). Prospective virtual
screening, using the same protocol as in retrospective virtual screening analysis, was applied for the identification
of new anti-HIV compounds. Compounds selected using these computational tools were synthesized and are
currently being tested. Also, we are applying de novo design to improve activity values of synthesized molecules.

Current CXCR4 antagonist

Current most active leads, such as AMD3100 (bicyclam, a CXCR4 antagonist), TAK-779 or SCH-D (CCR5
antagonists), contain nitrogenated heterocyclic systems separated by an aromatic or aliphatic linker. Among all
compounds under study, bicyclams appear to be the most active ones.

We have designed a combinatorial library preserving the main features of AMD3100: the benzylic nitrogen on both
sides of the p-phenylene moiety and the distance between the nitrogens in the heterocyclic systems, using
commercially available nitrogenated building blocks and terephthalaldehyde or 4-(diethoxymethyl)benzaldehyde as
precursors of the core structure.

The virtual combinatorial library has been built and enumerated with CERIUS21® and a reduced diverse set of
compounds to be synthesized has been selected with PRALINS'" (Program for Rational Analysis of Libraries in
Silico).

AMD3100 [N” "Nj
EC50 = 0.001 pug/ml NH N E
CC50 > 5 ug/ml
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Some anti-HIV expected compounds from our designed library were synthesized and tested giving activity values
in the range from 20 to 0.008 pg/ml. For the identification of new HIV entry inhibitors a combination of the
aforementioned virtual screening tools helped us to select other molecules from the library; they show activity
values in the range from 4 to 0.4 ug/ml and other are currently being tested.
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ECy, = 0.008 pg/ml
CCy,> 25 pug/ml

References
Morris et al.; J. Computational Chemistry 1998, 19:1639-1662. 7.
Verdonk et al.; Proteins: Structure, Function, and Genetics 2003, 52:609-623. CD features: Maybridge Databases Autumn 2005.
i 8. Kazmierski etal.;

D. W. Ritchie, G. J. L. Kemp; J. Comp. Chem. 1999, 20(4):383-395. 9. J.Teixidé et al.; Spanish Patent No. ES200602764, Oct. 26, 2006.
MOE, Molecular Operating . Distril Chemical Computing Group, 10. CERIUS2 Version 6.6. Accelrys Inc. 2001-2006
1010 Sherbrooke St. West, #910, Montreal, Canada H3A. 11. Pascual et al; Mol. Divers. 2003, 6, 85-92.

6. J.A. Grant, M. A. Gallardo, B. J. Pickup; J.Comp. Chem. 1996, 17:1653.

Conclusion

NS
d\‘\ H
N
28

Maybride Bringing life to drug discovery TM. Fisher Scientific International. Maybridge

urr Med Chem ~ Anti Infective Agents 2005, 4:133-152.

Structure-based Virtual Scree

DOCKING (AUTODOCK3, GOLD, FRED, HEX)
RETROSPECTIVE ANALYSIS

4696 drug-like inactive compounds

100 - "® A -
30 ) - 248 active compounds from literature
a0

i

; 50
40

E £
0
10
o

@ W0 I 30 40 S50 &0 TO B0 %0 100 " - 0%
% Database Screermd

“ Database Scraared

PROSPECTIVE ANALYSIS

4696 drug-like inactive compounds
- 50 designed-library compounds

-

/g

P N

© 10 20 W 40 50 60 T 0 %0 100 T
% Database Scresned

% Database Screened

W AUTOOOEKY 5: Dothad Ensrgy

¥ GowLo1.0.1: Gotdscore st i
W FREDL. 2:oachamacors W rREDLI:plp
FRECZ M PRECe.2: CONSENSUS
FREDZ Zichamgaussd =+ Random

IHER 4.6: Docked srgy
Receptor-based de Novo Design

We applied de novo design receptor-based (LUDI and LIGANDFIT modules of
CERIUS219) tools in order to find new active scaffolds and modify active molecules
synthesized in our group. Receptor structure was used to identify the geometry and
the kind of interactions that active ligands need to bind the target.

De novo designed compounds were selected according to a scoring function. In a
retrospective docking analysis using 43 active compounds from the literature,
scoring functions Ludi_3 and Ligscore2 were the ones that performed better, so
these scoring functions were used to select the designed compounds to be
synthesized and tested.

Retrospective virtual screening shows that in this study ligand-based searches give better results than structure-
based docking. Prospective virtual screening is consistent with this. Compounds selected by the different ligand-
based virtual screening tools are practically the same, whereas the ones selected by structure-based docking tools

include also some others.
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HIV entry inhibitors have emerged as a new generation of antiretroviral drugs that block
viral fusion with the CXCR4 and CCR5 membrane co-receptors. Several small
molecule antagonists for these co-receptors have been developed, some of which are
currently in clinical trials. However, because no crystal structures for the co-receptor
proteins are available, the binding modes of the known inhibitors within the co-receptor
extracellular pockets need to be analyzed by means of site-directed mutagenesis and
computational experiments. Here, we describe a detailed comparison of the performance
of receptor-based and ligand-based virtual screening approaches to find CXCR4 and
CCRS5 antagonists that could potentially serve as HIV entry inhibitors [1].

For receptor-based virtual screening, homology models of CXCR4 and CCRS5 have
been built, using bovine rhodopsin as the template. For ligand-based virtual screening,
several shape-based and property-based molecular comparison approaches have been
compared, using high-affinity ligands as query molecules. Also, a novel consensus
shape-based virtual screening approach has been developed and used to investigate and
add further evidence for multiple binding sites within the CCRS5 extracellular pocket
hypothesis [2] [3].

All the receptor-based and ligand-based methods were compared by retrospective
virtual screening, using a library assembled by us consisting of 672 known CXCR4 and
CCRS5 inhibitors and some 4700 similar presumed inactive molecules. For each receptor,
the library was queried using known binders, and the enrichment factors and diversity
of the resulting virtual hit lists were analyzed. Overall, ligand-based shape-matching
searches yielded higher enrichments than receptor-based docking. Moreover, receiver-
operator-characteristic performance analyses for both CXCR4 and CCRS inhibitors
showed that the new consensus shape matching approach gives better virtual screening
enrichments than existing shape matching and docking virtual screening techniques.

Once the different virtual screening approaches had been validated and the best
parameters had been selected, prospective virtual screening of a combinatorial library
designed by us, derived from AMD3100 (one of the most potent CXCR4 antagonists),
was applied to identify new anti-HIV compounds. The actives identified in this way had
activities in the range 20 to 0.008 pg/ml. Experimental binding assays of those
compounds confirmed that their mode of action was to block the CXCR4 receptor.
Activity values were used for the development of ligand-based QSAR models in order
to use them to predict activity of hitherto unsynthesised molecules. Prospective virtual
screening, using the same protocol as in retrospective screening analysis, was then used
to guide the selection of other molecules from the virtual combinatorial library.
Molecules found at the first positions of the consensus ranked hit list showed activity
values in the range from 4 to 0.022 pg/ml [4] [5] [6].
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MODELING Virtual screening of HIV-blocking antagonists: the figure depicts the
lowest energy CXCR4/AMD3100 binding conformation identified by
AUTODOCK. The view on the left shows AMD3100 docked within
the extracellular binding pocket of the CXCR4 receptor, shown as a
ribbon cartoon, The AMD3100 molecular volume is depicted using
a semitransparent spherical harmonic surface. The view on the
right shows in more detail the calculated binding conformation. In
this docking prediction, two nitrogens of one AMD3100 cyclam ring
interact with the two carboxylic oxygens of Asp262, and two
nitrogens of the other cyclam ring interact with the two carboxylic
oxygens of Glu288. See V. |. Pérez-Nueno, D. W. Ritchie, O.
Rabal, R. Pascual, J. I. Borrell, and J. Teixidd, p 509.
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