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ABSTRACT: Allosteric HIV-1 integrase inhibitors (ALLINIs) are a
new class of potential antiretroviral therapies with a unique mechanism
of action and drug resistance profile. To further extend this class of
inhibitors via a scaffold hopping approach, we have synthesized a series
of analogues possessing an isoquinoline ring system. Lead compound 6l
binds in the v-shaped pocket at the IN dimer interface and is highly
selective for promoting higher-order multimerization of inactive IN over
inhibiting IN-LEDGF/p75 binding. Importantly, 6l potently inhibited
HIV-1NL4−3 (A128T IN), which confers marked resistance to archetypal
quinoline-based ALLINIs. Thermal degradation studies indicated that at elevated temperatures the acetic acid side chain of
specific isoquinoline derivatives undergo decarboxylation reactions. This reactivity has implications for the synthesis of various
ALLINI analogues.
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Integrase (IN) is a key HIV-1 enzyme that catalyzes the
integration of the viral cDNA into the host genome. In

addition, IN has a second noncatalytic function, which involves
IN binding to the viral RNA genome in virions to ensure
correct maturation of infectious virus particles.1 Structurally,
IN functions as an oligomeric complex, with each protomer
being composed of three unique domains: N-terminal domain
(NTD), catalytic core domain (CCD), and C-terminal domain
(CTD).2 Because of the essential roles of IN in the HIV-1 life
cycle, IN has been widely explored and exploited as a viable
drug target for the treatment of HIV-1 infections. Initially, drug
development efforts focused on disruption of the active site of
IN, leading to a class of compounds referred to as IN strand
transfer inhibitors (INSTIs). Three members of this class,
raltegravir, elvitegravir, and dolutegravir, have ultimately
become highly successful FDA approved drugs.3−5 However,
similar to other HIV therapeutics, these compounds are
susceptible to resistance mutations.6−8 Therefore, there is a
need for the continued development of novel therapies with
alternative mechanisms of action to treat HIV-1 infections.
More recently, the v-shaped pocket at the IN CCD dimer

interface, which provides the principal binding site for cellular
cofactor Lens Epithelium Derived Growth Factor (LEDGF/
p75), has been exploited for the design of allosteric HIV-1 IN
inhibitors (ALLINIs, Figure 1), which have also been

alternatively referred to as LEDGINs,9,10 NCINIs,11 and
INLAIs.12 The primary antiviral activity of these compounds
is seen during virion maturation where ALLINIs induce
higher-order IN multimerization and consequently impair IN-
RNA interactions, which ultimately yields eccentric non-
infectious virions.1,13−15 ALLINIs also exhibit secondary, albeit
significantly reduced, activity during the early phase of HIV-1
infection, where these compounds adversely affect IN-
LEDGF/p75 interactions.10,16
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Figure 1. Chemical structures of the representative ALLINI
compounds BIB-II and KF116.

Letter

pubs.acs.org/acsmedchemlettCite This: ACS Med. Chem. Lett. 2019, 10, 215−220

© 2019 American Chemical Society 215 DOI: 10.1021/acsmedchemlett.8b00633
ACS Med. Chem. Lett. 2019, 10, 215−220

pubs.acs.org/acsmedchemlett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmedchemlett.8b00633
http://dx.doi.org/10.1021/acsmedchemlett.8b00633


ALLINIs contain conserved structural elements attached to
a substituted heteroaromatic core that allows them to mimic
key interactions between LEDGF/p75 and IN dimer. The
most critical ALLINI substituent is an ether-containing acetic
acid side chain that engages in both hydrogen bonding and
electrostatic interactions with the E170, H171, and T174
residues located in the LEDGF binding pocket of HIV-1
IN.17,18 An additional interaction is created by an adjacent
aromatic ring that projects into a relatively narrow channel in
the dimer interface capped by W132. Core ring systems such
as quinoline19 and pyridine14 from which these substituents
project do not provide significant binding interactions with the
protein, but instead serve as rigid scaffolding units to efficiently
project the substituents into the binding pocket. In addition,
the decoration of these cores with methyl groups likely plays an
important role in the relative orientation of the adjacent
aromatic and acetic acid functional groups through conforma-
tional blocking. Despite the fact that the core ring systems may
not have direct binding interactions with IN, the cores
themselves have been implicated in the development of
resistance mutations due to their relative size and positioning
in the binding pocket. For example, a single A128T IN
substitution emerges in cell culture and confers substantial
resistance to archetypal quinoline-based compounds including
BIB-II (Figure 1).6,9 Thus, these central rings impart key
geometric features in addition to obvious electronic and steric
properties, thereby influencing the overall potency of the
ALLINIs.
In an effort to expand the scope of current ALLINIs, an

alternative central ring scaffold was sought that would (1)
maintain the critical C4-substituent and simultaneously
facilitate substitution at the C1 and C3 positions (see
numbering in Scheme 1) to capture previously unexploited
contacts at the IN dimer interface, (2) exhibit full potency

against HIV-1 containing the A128T IN substitution, which
confers substantial resistance to quinoline-based ALLINIs, and
(3) provide a platform for the rapid assembly of these
compounds. Utilizing these criteria as a guide, an isoquinoline
core was identified that could be accessed through method-
ology reported for the synthesis of 1,3,4-trisubstituted
systems.20 This isoquinoline scaffold could not only accom-
modate the desired substitution of the key aryl and acetic acid
substituents, but the electron deficient heterocycle to which
the ALLINI substituents would be attached is expected to
provide a similar geometry and electronic environment to the
highly potent quinoline and pyridine analogues.
The application of this approach was realized starting from

the commercially available 1,3-dichloroisoquinoline (1). As
part of a sequence to introduce the fully elaborated acetic acid
side chain onto the isoquinoline, halogenation of 1 at the C4
position was affected via treatment with LDA and iodine.20

The α-ketoester precursor to the acetic acid side chain was
then introduced at this position via reaction of the
corresponding cuprate, generated using isopropylmagnesium
chloride and copper(I) bromide dimethyl sulfide complex, with
ethyl chlorooxoacetate following a previously reported
procedure for the functionalization of quinoline and pyridine
cores.21 In contrast, direct metalation and acylation of 1
provided only low yields (∼18%) of the desired product. Once
installed, however, the ketoester moiety could selectively be
reduced with sodium borohydride at 0 °C to provide alcohol 2.
Utilizing standard conditions for the introduction of the t-butyl
group onto the secondary alcohol, 2 could then be converted
to the desired ether 3 with the fully elaborated side chain.21

At this stage, 3 could be functionalized either successively or
concurrently through application of appropriate coupling
conditions to generate a variety of analogues. Thus, using a
standard Suzuki coupling reaction, compounds 4a−i were
formed regiospecifically. More forceful coupling conditions
using the more reactive bis(trit-butylphosphine)palladium(0)
or a higher loading of Pd(PPh3)4 (40 mol % vs 20 mol %) at
higher temperature could then be employed to install aryl
substituents at the more sterically hindered and less reactive
C3 position of the isoquinoline (R2) to form compounds 5a−j.
Alternatively, directly subjecting compound 3 to these “more
forcing” conditions in the presence of excess boronate resulted
in successive coupling at both the C1 and C3 positions in a
single pot, albeit with the introduction of identical substituents
at both positions. With the ethyl esters 5a−l in hand,
saponification of the ethyl group and subsequent acidification
provided the desired carboxylic acids 6a−l, representing either
a six- or seven-step sequence to access the desired analogues
from 1. In nearly all cases, the carboxylic acids conveniently
precipitated from solution upon acidification and could be
obtained cleanly through subsequent filtration. The only
exceptions were compound 6l, a benzyl-pyrazole containing
analogue, which failed to precipitate and required an additional
extraction step during the course of the workup, and
compound 6a, which required a subsequent chromatographic
purification step.
We next attempted to introduce a chlorobenzimidazole ring

system at C1 to generate compound 9 based on previous
observations indicating a critical role of the benzimidazole
substituent for high potency of pyridine-based KF116 (Figure
1).14 While introduction of aromatic and heteroaromatic ring
systems at the C1 position of the isoquinoline had been
achieved through direct coupling reactions (Scheme 1), the

Scheme 1. Synthesis of Isoquinoline Analogues 6a−l
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introduction of a chlorobenzimidazole ring system at this
position could not be accomplished efficiently in a single
coupling step. Therefore, starting from the common
intermediate 3, the nitrile group necessary for elaboration to
the benzimidazole substituent was first installed via palladium-
mediated coupling (Scheme 2).10 A subsequent Suzuki

coupling reaction introduced the chromane system at the C3
position, providing compound 7. In addition to the desired
product, initial conditions employed for this Suzuki reaction,
which included the addition of water in the presence of either
sodium carbonate or sodium bicarbonate as the base, resulted
in the formation of the ether byproduct S3 (Supporting
Information) produced via hydrolysis and decarboxylation of 7
along with the desired product in a 1:1.2 ratio. This
decarboxylation could be eliminated under anhydrous reaction
conditions while still using sodium bicarbonate as the base,
producing compound 7 in a 47% yield. In order to elaborate
the nitrile into the benzimidazole, a three-step sequence was
carried out to affect hydrolysis of the nitrile moiety while
simultaneously “maintaining” the ester functionality on the
acetic acid side chain through a series of hydrolysis/
esterification events to provide carboxylic acid 8. Coupling of
this acid with 4-chloro-o-phenylenediamine in the presence of
HATU resulted in a mixture of regioisomeric amides that
could be cyclized to form the benzimidazole upon heating in
acetic acid. Acid 9 was then ultimately obtained through
straightforward hydrolysis of the remaining ester.
The synthesized isoquinoline compounds 6a−l and 9 were

initially evaluated for their ability to inhibit IN catalytic
activities in the absence of LEDGF/p75 (Table 1). The
“parent” diphenyl derivatives 6a and 6c, both of which possess
a phenyl ring at the C3 position, exhibited relatively weak
inhibitory activity (IC50 > 10 μM). Replacement of these
phenyl substituents with chromane rings in compounds 6b and
6d resulted in approximately 2- and 10-fold increases in
potency over 6a and 6c, respectively. This data parallels those
seen in previous SAR studies of quinoline-based ALLINIs,
which also indicated improved potencies resulting from

introduction of the larger chromane substituent at the C3
position.12,22

The remaining analogues, 6e−l and 9, all possess the
chromane substituent at the C3 position but vary with regard
to the substitution at the C1 position. This structural
consistency has facilitated direct comparison of the R1

substituents. With this in mind, the R1 phenyl substituents
containing electron-deficient groups (6e, 6f, and 6g)
demonstrated considerably less potency than the rings with
electron-donating substituents (6h and 6j). Moreover,
regioisomeric compounds 6d and 6h suggest that the variation
of the substituents on the phenyl ring from the meta- to para-
position did not substantially affect the inhibitory activities of
these compounds. The heterocycle-containing systems (6k, 6l,
and 9) all showed reasonable potency as well. Among these
heterocycles, the larger substituents showed greater potency.
The most potent of these, the benzyl pyrazole analogue 6l,

Scheme 2. Synthesis of Compound 9

Table 1. Chemical Structures and Inhibitory Activities
(IC50, μM) of Analogues Tested in LEDGF/p75
Independent Integration Assaysa

aThe standard errors from two independent experiments are
indicated.
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displayed a potency of 0.48 μM. Compound 9, which possesses
the benzimidazole substituent, was approximately 2-fold less
potent (IC50 of 0.81 μM) than 6l.
Our subsequent efforts have focused on elucidating the

mode of action of 6l, the most potent compound in the
isoquinoline series (Table 2). For comparison, archetypal
quinoline-based BIB-II was examined in parallel experiments.
As expected, BIB-II19 exhibited a dual mode of action by
inducing higher-order IN multimerization and inhibiting IN-
LEDGF/p75 binding with comparable potency in vitro (Table
2). In contrast from BIB-II, 6l displayed marked preference for
promoting higher-order IN multimerization (EC50 of <1.79
μM) compared with its ability to inhibit IN-LEDGF/p75
binding (IC50 of ∼37 μM). ALLINI-induced higher-order IN
multimerization can in turn impair IN catalytic activities and
IN−RNA interactions.1,19 Accordingly, BIB-II exhibited
comparable EC50/IC50 values in all assays indicated in Table
2, whereas 6l displayed selectivity for those assays related to
higher-order IN multimerization. We noted that increasing
concentrations of 6l resulted in quenching of the donor
(Europium-cryptate)-IN signal, which in turn adversely
affected the measured HTRF signal increases due to inhibitor
induced higher-order multimerization of IN. Therefore, 6l
could be promoting higher-order IN multimerization with even
higher potency than the EC50 value of 1.79 μM determined by
the HTRF assay. Consistent with this notion, 6l displayed
improved IC50 values of ∼0.21 and ∼0.48 μM for inhibiting
IN-RNA binding and LEDGF/p75 independent IN catalytic
activities, respectively. Compound 6l was significantly less
potent (IC50 of ∼23 μM) when IN activities were monitored in
the presence of LEDGF/p75. The differential potencies seen in
LEDGF/p75 independent vs dependent assays provide
another line of evidence for marked specificity of 6l for
inducing higher-order IN multimerization over interfering with
IN-LEDGF/p75 binding.
Cell culture assays compared antiviral activities of 6l with

respect to WT vs BIB-II resistant viruses. Compound 6l
inhibited WT HIV-1NL4−3 with EC50 of ∼1.1 μM and
exhibited slightly higher potency (EC50 of ∼0.73 μM) with
respect to HIV-1NL4-3 (A128T IN), which confers substantial
resistance to BIB-II (Table 3).

To elucidate the structural basis for interactions of these
isoquinoline compounds with IN, we have solved the crystal
structures of 6l and its less potent predecessor 6b bound to the
CCD dimer (Figure 2). The comparative analysis of these two
compounds was carried out to better understand the SAR for
this series. Indeed, our structural studies allowed us to

elucidate both similarities and differences between these two
isoquinoline compounds. The carboxylic acid moiety of both
compounds forms a bidentate interaction with the backbone
amides of H171 and E170 of subunit 2. Additional hydrogen
bonding interactions occur between H171 and T174 of
subunit 2 and the ether oxygen of both compounds. The
chromane rings and t-butoxy moieties of both compounds are
situated in the hydrophobic pocket that is generated at the
interface between subunits 1 and 2 and are formed by several
hydrophobic residues and capped by W132.
Differences between 6b and 6l are observed at R1. The

benzene substituent of 6b is directed out of the dimer interface
into space and has minimal interactions with CCD dimer. In
contrast, the R1 substituent of 6l forms hydrophobic
interactions with the surface of α-helix (124−133) of subunit
1, which could help to explain the substantially enhanced
inhibitory activity of 6l over 6b.
To better understand the structural basis for differential

effects of the A128T substitution on 6l and BIB-II, we
subsequently superimposed the crystal structures of these
compounds (Figure S1, Supporting Information). The rigid
quinoline core of BIB-II extends toward A128 and is therefore
affected by the bulkier and more polar A128T substitution.19

In contrast, the isoquinoline core is substantially distanced and
projects away from A128. Interestingly, the benzyl moiety on
the R1 substituent of 6l is positioned relatively close to A128.
However, the highly flexible nature of this R1 substituent
presumably allows 6l to effectively negate the effects of the
A128T substitution.
In addition to these SAR studies, the stability of the acetic

acid side chains of this class of compounds was also examined.
This investigation was based upon both the unexpected
decarboxylation of compound 7 mentioned above and the fact
that new peaks, albeit minor, were observed in the 1H NMR
spectra of several of the final carboxylic acid-containing
compounds upon storage, indicating some type of decom-
position. Most notably, these 1H NMR spectra showed what
appeared to be an upfield shift of the methine proton on the

Table 2. Inhibitory Activities of 6l and BIB-II in Vitroa

inhibitor
IN multimerization,

EC50 (μM)
IN-LEDGF/p75 binding,

IC50 (μM)
LEDGF/p75 independent IN

activity, IC50 (μM)
LEDGF/p75 dependent IN

activity, IC50 (μM)
IN-RNA binding,

IC50 (μM)

6l <1.79 ± 0.19 36.7 ± 6.2 0.48 ± 0.06 23.4 ± 0.78 0.21 ± 0.03
BIB-II 0.146 ± 0.014 0.15 ± 0.01 0.12 ± 0.04 0.15 ± 0.01 0.136 ± 0.02

aStandard errors from two independent experiments are shown.

Table 3. Antiviral Activities of 6l (EC50 values in μM)a

inhibitor HIV-1NL4−3 HIV-1NL4−3 (A128T IN)

6l 1.10 ± 0.07 0.73 ± 0.07
BIB-II 0.63 ± 0.3019 12.2 ± 6.419

aStandard errors from two independent experiments are shown.

Figure 2. Crystal structures of 6b (magenta) and 6l (green) bound to
the CCD dimer (subunits 1 and 2 are colored orange and cyan,
respectively).

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.8b00633
ACS Med. Chem. Lett. 2019, 10, 215−220

218

http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00633/suppl_file/ml8b00633_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.8b00633


acetic acid side chain. This data suggested that these
compounds may be prone to decarboxylation of the acetic
acid side chain. To test this hypothesis, a variation of forced
degradation23 was employed to investigate the stability of
selected compounds. In this case, samples were heated in
DMSO-d6 in an NMR tube to expedite this degradative
process and allow rapid assessment of the conversion and
compound identity. Compounds 6d and 6e, possessing
electron-deficient and electron-rich groups at the C1 position,
respectively, as well as compound 6i were initially heated at 60
°C for 17 h. The 1H NMR spectra of each of these compounds
at this time point indicated very little to no degradation
(Supporting Information). After this initial period, compound
6i was further heated by increasing the temperature to 100 °C
and monitored at various time points over a period of 17 days.
Interestingly, a sharp singlet at 10.12 ppm in the 1H NMR
spectrum increased in intensity over time relative to the
starting material. A carbon signal at 193.6 ppm in the 13C
NMR spectra was also observed, indicating the presence of an
aldehyde peak. In the HSQC NMR spectrum, a strong
correlation of the carbon signal at 193.6 ppm with the proton
at 10.12 ppm also supported this assignment. Upon further
examination of the 1H NMR spectrum, a shift in the t-butyl
ether protons from 0.90 to 1.11 ppm could also be observed,
correlating with loss of the ether group, likely as t-butanol,
during the course of the reaction. The use of high-resolution
mass spectrometry in conjunction with the other spectroscopic
data further supported the assignment of this compound as
aldehyde 10 seen in Scheme 3.

The 1H NMR spectra for compounds 6d and 6e, which were
stored in DMSO-d6 for 17 days at room temperature after the
initial heating at 60 °C, revealed a similar aldehyde peak
observed around ∼10.1 ppm. During subsequent heating of
both of these compounds to 100 °C for 3 days, the presumed
aldehyde peak grew rapidly in intensity, suggesting that this
degradation occurs slowly at room temperature but much
faster at elevated temperatures. Surprisingly, reinvestigation of
the T0 (time-zero, prior to heating) 1H NMR spectra for
compound 6e revealed the presence of a small amount of the
sharp singlet at ∼10.1 ppm, among other minor impurities,
suggesting that the analogues with electron-withdrawing
groups may be more prone to degradation upon compound
storage, even at lower temperatures. To our knowledge, this is
the first time that this phenomenon has been observed for a t-
butyl ether-containing acetic acid side chain in an ALLINI
compound.
The mechanism by which this decomposition happens is as

of yet unknown, but it is worth noting that other groups have
reported the decarboxylation of α-hydroxy carboxylic acids
through chemical and enzymatic methods.24−28 Although 100

°C is acknowledged to not be a biologically relevant
temperature, this type of degradation warrants further
investigation because it could have potential implications for
chemical stability of other ALLINIs as the t-butoxy acetic acid
side chain is an important pharmacophore for all potent
ALLINIs.
In conclusion, a series of isoquinoline ALLINI analogues

were synthesized. Their SAR studies have revealed that
sterically bulkier R1 and R2 substituents resulted in enhanced
inhibitory activities of these compounds. Compound 6l, the
most active compound, exhibited markedly higher potency for
inducing higher-order IN multimerization than inhibiting IN-
LEDGF/p75 binding. Significantly, 6l was highly potent
against the HIV-1 variant containing the A128T IN
substitution, which confers marked resistance to a number of
quinoline-based inhibitors. The relative stability of selected
isoquinoline compounds was also investigated, revealing
lability in the acetic acid side chain. These observations will
inform ongoing efforts in the field to synthesize various
ALLINI derivatives.
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