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Recent recommendations of the International AIDS Society
Panel-USA on antiretroviral therapy (ART) for HIV-infected adults
state, that frequent monitoring of patient HIV-1 RNA is necessary
to identify and manage treatment failure, with the goal being
suppression of HIV-1 RNA below quantification limits.! Frequent
monitoring is necessary to identify virologic failure due to the
emergence of resistance variants. Recently approved drugs with
novel mechanisms of action such as raltegravir® and mariviroc®
that target HIV integrase and the chemokine receptor CCR5 add
to the armory of drugs available to treat HIV and provide additional
treatment options for managing resistance.

The discovery of the chemokine receptors CXCR4 and CCR5 in
1996 as co-receptors for HIV for cell entry by HIV-1% prompted a
concerted research effort to discover novel antagonists of these
receptors. Our longstanding research interest in CXCR4 led to the
first clinical proof of concept that blocking CXCR4 with a small
molecule antagonist, AMD3100, results in viral load reduction in
T-tropic (X4) HIV-1 infected patients.’ This was followed by the
discovery and development of the first orally bioavailable CXCR4
antagonist AMDO070° that also demonstrated viral load reduction
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in T-tropic (X4) HIV-1 infected patients.” In addition to HIV, CXCR4
and its specific ligand, CXCL12 [stromal cell derived factor-1
(SDF-1)], have been implicated to play a role in tumor progression,
angiogenesis, metastasis and survival® Moreover, the CXCR4/
CXCL12 axis also plays an important role in the homing and reten-
tion of progenitor cells in the bone marrow microenvironment.®
Consequently, based on compelling clinical data, plerixafor
(AMD3100) was approved in the US in 2008 for mobilization of
hematopoietic stem cells in patients with non-Hodgkins’s
lymphoma (NHL)'® and multiple myeloma (MM).!

Recently we reported on our medicinal chemistry efforts that
led to the design and synthesis of oral agents such as AMDO70°
as well as novel heterocyclic analogs of AMDO070.'? In addition
researchers from GlaxoSmithKline have reported on an extensive
analog program of AMD070.'? In this Letter, we disclose our efforts
on modifying AMDO70 (1) by sequentially replacing the benzimid-
azole ring with a substituted pyridine ring (2), opening up the
tetrahydroquinoline ring (3), and combining both of these modifi-
cations to afford the open chain analogs (4) while still maintaining
potent HIV-1 inhibition (Fig. 1).

The primary data used to drive the SAR were the ability of these
compounds to inhibit replication of HIV-1 NL4.3, using exclusively
CXCR4 for viral entry into its target cells. In addition, the ability of
these compounds to specifically interact with CXCR4 were also
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W= (CHy)4NH,

Figure 1. Structure of racemic AMDO070 (1) and related analogs 2, 3 and 4.

measured by the effects on SDF-1 induced Ca?* flux in CD4*CXCR4*T
cells (CEM-CCRF) cells and were found to correlate with the anti-
HIV-1 activity (Tables 1 and 3). Although the molecules contain a ste-
reocenter the SAR was based on the racemic mixture.

Based on our early pharmacophore model,* where it was deter-
mined that the optimal spacer between the tertiary nitrogen atom
and the adjoining nitrogen was a two carbon linker, we chose to re-
place the benzimidazole ring with a substituted pyridine ring spe-
cifically attached at the 2-position (Table 1). In contemplating
redesigns to compound 1 we were cognizant of the importance
of maintaining a basic amine moiety based on receptor mutagene-
sis studies showing the dependence on aspartic acid residues Asp
171 and Asp 262 as well as other amino acid residues on the bind-
ing affinity for compounds AMD3100'°> and AMD070.'® The impor-
tance of aspartic acid residues was recently corroborated by the
first X-ray crystal structure of ligands bound to CXCR4.!” Conse-
quently a series of 2-substituted pyridines were synthesized and
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the effect on antiviral potency examined (Table 1). Gratifyingly
the unsubstituted pyridine analog 2a was threefold less potent
when compared to 1; ICsq of 15.5 versus 4.8 nM.® Walking a methyl
group around the pyridine ring demonstrated the following trend
regarding potency: 6-Me (2e)>5-Me (2d)>3-Me (2b)>4-Me
(2c¢), for example, compound 2e was twofold more potent than 1
with an ICso of 2.9 nM whereas 2d had comparable potency (ICso
of 5.3 nM). Interestingly the 3,5-dimethyl analog 2g resulted in
an eightfold enhancement in potency compared to the 5-methyl
analog 2d (ICsq of 0.63 vs 5.3 nM). Although the 6-methyl analog
2e was the most potent of the methyl series, substitution at the
6-position with either an H-bond donor (amino 2h) or H-bond
acceptor (methoxymethyl 2i) moiety resulted in a 10- and 191-fold
drop in potency relative to 2e. On the other hand, substitution at
the 3-position appears to be well tolerated (2b, 2j-n). Apart from
the hydroxyl group 2j other substituents were either equipotent
(amino 2K) or enhanced potency; the bulky iPr group 2l is approx-
imately threefold more potent than 2b and the hydroxymethyl 2m
and chloro 2n were 11- and 78-fold more potent than 2b.

The synthetic strategy used to prepare compounds 2 is similar
to methodology previously reported.'? The key step in many of
these examples was the generation of the appropriately function-
alized bromomethyl (2j-k) or aldehyde moiety (2a-i, 21-n) of
the pyridine ring which was then coupled with 2-(4-((5,6,7,8-
tetrahydroquinolin-8-yl)amino)butyl)isoindoline-1,3-dione'® 5 via
N-alkylation or reductive amination (Scheme 1). The key interme-
diate 5 was synthesized by phthalamide protection of commer-
cially available 4-aminobutan-1-ol followed by TPAP oxidation to
the aldehyde and subsequent reductive amination with 8-amino-
5,6,7,8-tetrahydroquinoline.’® The phthalamide group was easily
deprotected using an excess of hydrazine in ethanol at room tem-
perature followed by salting with HBr in acetic acid to afford the
final compounds as hydrobromide salts.

Having determined that a substituted pyridine ring in the place
of the benzimidazole ring resulted in compounds with enhanced
anti-HIV-1 activity (Table 1) we shifted our attention to gauge

Table 1
Anti-HIV-1 activity, cytotoxicity and calcium signaling (SDF-1) inhibition of compounds 2"
‘ X
N
N \/\/\NH2
N 3R
6 A 4
5
Compound R HIV-1 IC5¢° (nM) CCso (nM) Ca?* Flux ICso® (nM)
2a H 153 (n=1) 164,900 74 (n=3)
2b 3-Me 233 (n=2) 32,400 18 (n=4)
2c 4-Me 478 (n=1) 36,900 91 (n=2)
2d 5-Me 53(n=1) 35,300 35(n=2)
2e 6-Me 29(n=3) 298,700 53 (n=5)
2f 4,6-diMe 17 (n=2) 149,400 38 (n=3)
2g 3,5-diMe 0.63 (n=3) 32,600 19 (n=4)
2h 6-NH, 30(n=2) 157,900 49 (n=1)
2i 6-CH,0Me 553 (n=1) >153,500 1621 (n=1)
2j 3-OH 113 (n=2) 148,800 129 (n=3)
2k 3-NH, 19.7 (n=3) 168,800 27 (n=4)
21 3-iPr 84(n=1) 33,800 63 (n=4)
2m 3-CH,0H 21(n=1) 154,800 79 (n=2)
2n 3-Cl 04 (n=1) 190,900 44 (n=3)

¢ Assay conditions reported in Ref. 6.

b Assays were performed in duplicate and values represent the mean with standard deviations <30% of the mean. Bracketed values represent the number of experiments.
¢ CD4"CXCR4" lymphocytic MT-4 cell line were infected with the X4 HIV-1 NL4.3 strain. ICso is the concentration of the compound required to protect 50% of the cells

against viral cytopathicity.
4 CCsp is the concentration required to reduce the viability of MT-4 cells by 50%.

¢ CEM-CCRF (CD4*CXCR4") T cell line. ICsg is the concentration of the compound required to inhibit 50% of the SDF-1-induced Ca®* signaling.
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Scheme 1. Reagents: (a) Phthalic anhydride, CHCls, 70 °C; (b) TPAP, NMO, CH,Cly;
(c) 8-amino-5,6,7,8-tetrahydroquinoline, NaBH(OAc);, CH,Cl,; (d) RX, KI, DIPEA,
CH;CN, reflux; (e) NoHy, EtOH; (f) HBr, AcOH; (g) RCHO, NaBH(OAc)3, CH,Cl,.

the effects of opening up the tetrahydroquinoline ring of 1
(Table 2). Surprisingly a dramatic effect on anti-HIV-1 potency
was observed as the steric bulk at the benzylic position (R') was in-
creased. For instance, the closest analog to 1, compound 3a where
R! is a methyl group was approximately fourfold less active com-
pared to 1 with an ICso of 18 nM. However, the ethyl analog 3b
was 182-fold less potent and the more sterically demanding
isopropyl analog 3¢ was 4000-fold less potent. A similar loss in
potency was also observed for the phenyl analog 3d and the gem
dimethyl analog 3e indicating the sensitivity to steric bulk at this
position perhaps due to the binding orientation to CXCR4. Interest-
ingly, when R! was a hydrogen atom 3f moderate potency was ob-
served, IC5q of 410 nM. To further probe the SAR the addition of an
H-bond donor hydroxyl group at the 3-position 3g of the pyridine
ring resulted in the complete abolition of activity. However, if the
isopropyl group was substituted at the 3-position 3h rather than
the benzylic position comparable potency to the unsubstituted
analog 3f was observed suggesting that sterically demanding
groups were tolerated at the 3-position. The pyridine ring was also
found to be sensitive to substitution since the walking of a methyl
group (3i-1) around the pyridine ring of 3a resulted in a 24- to 230-
fold loss in activity other than the 5-Me analog 3k which was
approximately fivefold more potent than 3a, for example, ICsq of
3.8 versus 18 nM (Table 2).

Table 2
Anti-HIV-1 activity and cytotoxicity of compounds 3°

Compound R R HIV-1 ICso (nM) CCso (NM)
3a H Me 18 (n=2) >160,900
3b H Et 874 (n=1) >161,800
3c H iPr 16300 (n=1) >161,900
3d H Ph 13300 (n=1) >148,300
3e H Me, 2500 (n=1) >159,300
3f H H 41(n=1) 151,100
3g 3-OH H >149200 (n=1) >149,200
3h 3-iPr H 34 (n=2) 145,100
3i 3-Me Me 505 (n=3) >146,100
3j 4-Me Me 438 (n=2) >141,600
3k 5-Me Me 38 (n=1) >146,200
31 6-Me Me 4100 (n=1) >167,200
3m 6-NH, Me 2290 (n=1) >149,400

¢ See footnotes in Table 1.

Compounds 3 were prepared either starting from an appropri-
ately functionalized aldehyde (3a-b, 3d, 3f-1) or primary amine
(3¢, 3e, 3m) as exemplified by the preparation of 3k and 3e (Scheme
2). For example, in the synthesis of 3k commercially available
1-(5-methylpyridin-2-yl)ethanone was coupled with tert-butyl
(4-aminobutyl)carbamate (prepared by the selective Boc protection
of butane 1,4-diamine) in the presence of NaBH(OAc); to afford the
secondary amine 6. N-alkylation with N-Boc-chloromethylbenzimi-
dazole® in the presence of Hunig’s base and KI followed by concom-
itant Boc deprotection and salting with HBr in acetic acid afforded 3k
as the hydrobromide salt. In the case of 3e commercially available
2-(pyridin-2-yl)propane-2-amine underwent reductive amination
with 4-(1,3-dioxoisoindolin-2-yl)butanal (prepared by phthalamide
protection of the amino alcohol followed by oxidation to the
aldehyde) to afford the secondary amine 7 which then underwent
N-alkylation with N-Boc-chloromethylbenzimidazole® as described
above. Deprotection of the phthalamide group with hydrazine in
ethanol followed by treatment with HBr in acetic acid afforded 3e
as the hydrobromide salt (Scheme 2). Compounds 4 were synthe-
sized using similar methodology.

By demonstrating that compound 1 could be substantially rede-
signed by first replacing the benzimidazole ring with a substituted
pyridine ring and secondly opening up the tetrahydroquinoline
ring to a pyridinyl ethanamine while still maintaining potent
anti-HIV-1 activity, a series of analogs 4 were synthesized where
both of these changes were incorporated (Table 3). We were
pleased to find that these compounds had comparable potency to
the precursors 2 and 3 verifying our original pharmacophore
hypothesis.'* The SAR in general tracked what was observed for
compounds 2. For example, the ICso of the 3,5-dimethyl analog
2g was 0.63 versus 1.8 nM for the 3,5-dimethyl analog 4g. The
ICso of the 6-Me analog 2e was 2.9 versus 15.1 nM for the 6-Me
analog 4f. However, the 3-Me analog 4a was 21-fold more potent
than the corresponding analog 2b, ICsg of 23.3 versus 1.1 nM. Inter-
estingly, the analog 4h with a 4-Me group on the northern pyridine
ring had comparable activity to 4a, 0.3 versus 1.1 nM.

Several of the more potent compounds with acceptable ADME
properties were chosen for further evaluation as anti-viral agents
(Table 4). Since we had previously shown that the (S)-enantiomer
of AMDO070° and related compounds had a marked increase in anti-
HIV-1 potency relative to the racemates these compounds were
synthesized as the hydrochloride salts of the (S)-enantiomer.2° In
general this observation was corroborated although the potency
enhancement was not as pronounced as previously observed, for
example, the ICso of (S)-2e, 2Kk, 3a and 4a were 2.4, 7.7, 1.6, 1.4
and 1.1 nM, respectively, a 1-, 12-, 13- and 6-fold increase (Tables
1-4). However, we were pleased to find that the ICs, for X4 HIV-1
infection in PBMC’s was comparable to that of the MT-4 CD4T cell
line for all compounds with a range of 2.0-15.8 nM. In addition,
evidence that these compounds are antagonists of CXCR4 was pro-
vided by the competitive binding with 12°I-SDF-1 in CD4"CXCR4" T

‘ \/ a | b-c 3K
N = N
o AN~ ~NH
X “ Boc
‘N/ L L - b, e c
NH2 HN\/\/\N ———= 3e
7

Scheme 2. Reagents: (a) NH,(CH,)sNHBoc, NaBH(OAc);, CH,Cl,; (b) N-Boc-2-
chloromethylbenzimidazole, KI, DIPEA, CH5CN, reflux; (c) HBr, AcOH; (d) 4-(1,3-
dioxoisoindolin-2-yl)butanal, NaBH(OAc)s, CH,Cl,; (e) N,H,4, EtOH.
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Table 3

Anti-HIV-1 activity, cytotoxicity and calcium signaling (SDF-1) inhibition of compounds 4%
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Compound R R! HIV-1 ICs0 (nM) CCso (NM) Ca?* flux ICso (nM)
da 3-Me H 1.1(n=2) 45,400 23 (n=6)
4ab 3-NH, H 184 (n=1) 167,200 72 (n=2)
4ac 3-CF; H 39.1 (n=2) >155,400 111 (n=1)
ad 3-iBu H 1.6 (n=2) 157,500 18 (n=2)
e 5-Me H 481 (n=1) 158,300 66 (n=1)
af 6-Me H 15.0 (n=1) >145,400 183 (n=2)
ag 3,5-diMe H 1.8 (n=2) 163,100 20 (n=2)
4h 3-Me 4-Me 03 (n=2) 138,236 8(n=2)
¢ See footnotes in Table 1.
Table 4
Anti-HIV-1 activity, fold protein shift and SDF-1 binding inhibition of compounds (S)-2e, 2g, 2k, 3a and 4a®
Compound HIV-1 MT-4 HIV-1 PBMC Fold ICs 125[_SDF-1 binding
ICso™ (nM) ICso™ (nM) protein shift ICs? (nM)
(S)-2e 24 (n=4) 15.8 0.6 96.1
(S)-2g 7.7 (n=3) 36 238 62.9
(S)-2k 1.6 (n=3) 2.1 43 10.9
(5)-3a 1.4 (n=4) 2.0 5.4 16.6
(S)-4a 11(n=1) 2.1 142 35.8

Assays were performed in triplicate and values represent the mean with standard deviations <30% of the mean. Bracketed values represent the number of experiments.
Peripheral blood mononuclear cells (PBMC) were isolated from healthy volunteers and infected by X4 HIV-1 as reported in Ref. 6.

Fold ICs, protein shift is the shift in the X4 HIV-1 PBMC antiviral assay in the presence of 1 mg/ml of a-acid glycoprotein.
Competitive binding studies against CXCR4 were performed in human CD4*CXCR4" CEM-CCRF cells as reported in Ref. 6.

Table 5

Pharmacokinetics of (S)-2e, 2g, 2k, 3a and 4a in rat and dog®
Compound Species Crnax (LM) AUCg_inf (h pM) CL (ml/min/kg) V (L/kg) Tip2 (h) F (%)
(5)-2e Rat 1.46 8.75 163.3 39.8 2.8 87
(S)-2g 2.70 20.7 31.7 28.5 10.5 42
(5)-2k 1.66 8.73 833 241 34 44
(5)-3a 0.18 0.33 1133 16.6 1.7 2
(S)-4a 1.58 11.19 98.3 36.9 44 67
(S)-2e Dog 2.06 7.75 113 2.1 2.1 45
(5)-2g 7.16 22.06 3.3 8.7 39.6 51
(5)-2k 7.74 21.20 5.0 9.6 19 84
(5)-3a 1.33 1.7 25 8.5 3.1 20
(S)-4a 1.38 7.49 11.7 13.8 13 56

@ Clearance (CL), volume of distribution (Vys) and half life (Ty;) calculated following a 10 umol/kg iv dose in rat and 5 pmol/kg iv dose in dog. Oral bioavailability (F)

calculated following solution doses of 100 pmol/kg in rat and 12.5 pumol/kg in dog.

cells with the ICso ranging from 11 to 96 nM (Table 4). Finally, the
anti-viral activity of these compounds was assessed in the pres-
ence of 1 mg/mL of a-acid glycoprotein (AGP) and we were pleased
to observe that the shift in activity was moderate ranging from
0.6- to 5.4-fold (Table 4).

Based on the moderate fold protein shift and the excellent
potency these compounds were profiled in rat and dog pharmaco-
kinetics (Table 5). In general these compounds showed moderate
to excellent exposure and oral bioavailability other than (S)-3a
which was rapidly cleared in both rat and dog resulting in low oral
bioavailability. For example, the 3,5-dimethyl analog (S)-2g
showed low clearance and long half life with a corresponding dura-
ble exposure and good oral bioavailability in both rat and dog. This
was similarly observed for (S)-2e, 2k and 4a.

In summary we identified a novel series of small molecule
antagonists based on the redesign of AMD070. These molecules
are antagonists of the chemokine receptor CXCR4 based on inhibi-
tion of SDF-1 induced calcium signaling and '?°I-SDF-1 binding and
are potent inhibitors of HIV-1 replication. Based on encouraging
ADME data and pharmacokinetic data these compounds were fur-
ther advanced to rodent toxicology studies.

Supplementary data

Supplementary data (characterization data for compounds
2a-b, 2d-e, 2g-h, 2k-n, 3a, 3e, 3j-k, 4a, 4d, 4g-h, 6, 7) associated
with this article can be found, in the online version, at doi:10.1016/
j.bmcl.2011.01.021.
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