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Microwave-Accelerated Synthesis of PiExtended HIV-1 Protease Inhibitors Encompassing a
Tertiary Alcohol in the Transition-State Mimicking Scaffold
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Two series of Ptextended HIV-1 protease inhibitors comprising a tertiary alcohol in the transition-state
mimic exhibiting K; values ranging from 2.1 to 93 nM have been synthesized. Microwave-accelerated
palladium-catalyzed cross-couplings were utilized to rapidly optimize thei@d. chain. High cellular antiviral
potencies were encountered when thé IBdnzyl group was elongated with a 3- or 4-pyridyl substituent
(ECso = 0.18-0.22uM). X-ray crystallographic data were obtained for three inhibitors cocrystallized with
the enzyme.
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Increasing numbers of HIV/AIDS infected patients and related
deaths, along with severe treatment-associated complications@ o

dramatically changed the situation for HIV/AIDS patiefit§. H

Combination therapy initially including one protease inhibitor

and two nucleoside reverse transcriptase inhibitors, the so-called 1 Atazanavir
highly active antiretroviral therapy (HAART), furnished a sharp

decline in HIV/AIDS related mortality for patients receiving

this therapy’:® Seven Pls are available on the market today (Y NN oH (y OH
(December 2005), and yet another one has been granted N K/N N,
accelerated approval by the FDA (tipranavir, June 2005). 07 NH 0

One of the major obstacles to overcome in the development
of HIV protease inhibitors has been the low oral bioavailability Indinavir

due to insufficient membrane permeation properties, rapid Figure 1. The new class of HIV protease inhibitors exemplified by

metabolism, and/or protein bindidg:13 The discovery of Pls  the most potent compound from the first generatijragd the approved

that combine high oral bioavailability with potent anti-HIV  inhibitors atazanavir and indinavir.

activity remains challenging, although the identification of

atazanavir represented a major step forward (Figufé1J. biological evaluations of two series of Pdlongated analogues,
We recently reported a new class of HIV-1 protease inhibitors démonstrating that compounds with improved activity in cell

which were structurally related to both atazanavir and indi- Cculture rapidly can be identified. X-ray crystallographic data

navir#19 put comprising a tertiary alcohol as part of the for three of these new inhibitors bound to the HIV-1 protease

transition-state mimicking unit, the best compound béinygth are discussed.

a K; value of 2.4 nM (Figure 13° However, in assays with

HIV-1 infected MT4 cells, the antiviral activities were low (EC Results

values at best 1,2M). Thus, it was decided to further optimize

inhibitor 1 in order to improve the potency on the cellular level. ¢, 64 the protocol recently published fa? starting from

In this effort, structurel and the corresponding+bromo 425 or 3-bromobenzylhydrazine arid-(methoxycarbonyl)—

derivative8 were expected to serve as suitable arylpalladium g je,cine, prepared according to published procedures (Scheme
precursors for microwave-assisted cross-coupling reactionsy) 1s.2s Tha hydrazide coupling was performed using 1-(3-

(Scheme 1f:"2% We herein report microwave synthesis and dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC),
N-methylmorpholine (NMM), and 1-hydroxybenzotriazole

Chemistry. The synthesis of bromo scaffolds and 8

* Corresponding author. Tel:+46-18-4714284. Fax: +46-18— (HOBT), affording the bromo-substituted hydrazidesind 6
4714474. E-mail: Anders.Hallberg@orgfarm.uuse. (Scheme 1). These hydrazides were then used to regioselectively
Department of Medicinal Chemistry, Uppsala University. . h 00 L | .
* Department of Cell and Molecular Biology, Uppsala University. ring-open the epoxider® in TI(OIPr)f;—0ata yzed reactions
8 Medivir AB. yielding key structured and8, respectively.

10.1021/jm051239z CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/11/2006



Brief Articles

Journal of Medicinal Chemistry, 2006, Vol. 49, No. 29

Scheme % conducted with 510 mol % dichlorobis(triphenylphosphine)-
palladium (Pd(PP§).Cl,), 5 equiv of the appropriate organobo-
o B H O H ronic acid, and aqueous B@O; as base in a DME/EtOH
o g Ny N__O_ mixture3! Microwave heating at 120C for 30 min rendered
)I H)I \'o'/ compounds®, 12, 13,17, 19-21, 24, and25 (Tables 1 and 2) in
” 4“;:'2 5 48r low to good isolated yields (2662%), with the exception of
3:3-Br 6:3-Br sluggish pyridine-4-boronic acid which yielded para derivative

7B
<l ? o _
g o H
"N N, N__O
: )G
b - H)I ©

1:4-Br
8: 3-Br
aReagents: (a) EDC, HOBT, NMM, EtOAc, room temp,-526%; (b)
Ti(OiPry, THF, 40°C, 46-55%.

The Pl-elongated analogue®—28 (Tables 1 and 2) were
prepared by a series of sequential SuZiikstille2® or Sono-
gashird® reactions performed under air with 260 min of
controlled microwave irradiation in septum-sealed reaction
vesselg22330 To enable comparison of the meta and para
inhibitor sets, cross-coupling reactions yielding the phenyl, 2-,
3-, and 4-pyridyl, two-carbon elongated 2-phenylalkenyl, and

12in only 17% yield. Stille coupling reactions were applied to
afford compound40, 11, 18, 22, and23 (Tables 1 and 2) using

the corresponding tributyltin reagents and microwave irradiation
for 20 min at 130°C with 1 equiv of Cu®? and 5 mol %
Pd(PPB),Cl, in DMF. This generally furnished the target
products in lower isolated yields (¥27%) compared to the
Suzuki reactions, a trend which has been observed previously
for symmetric HIV-1 PIs® Alkynes 14—16 and26—28 (Tables

1 and 2) were prepared using the Sonogashira reaction from
phenylacetylene or ethynylpyridines in the presence-8 ol

% Pd(PPB).Cl, and 710 mol % Cul. Initially, a protocol
including diethylamine as base and microwave processing for
30—40 min at 140°C was applied for the Sonogashira reactions.
However, this procedure promoted decomposition of the bromo
precursorsl and 8. The conditions were therefore altered to
include the less nucleophilic triethylamine as base at a lower
temp (130°C) for 60 min. This slightly milder method generally
provided cleaner reactions and somewhat higher isolated yields
of the acetylenic products, 225% (Table 1), compared to the

phenyl- and 2- and 3-pyridylalkynyl-substituted analogues were 19—27% achieved with diethylamine as base (Table 2). All final

performed with bott and8. For the para series, four additional

heterocyclic and bicyclic compounds were prepared by pal-

compounds were purified by RPLC-MS with acetonitrile in
0.05% aqueous HCOOH as mobile phase to provide the pure

ladium-catalyzed couplings (Table 1). Suzuki reactions were products. Some of the analogues were found to partly form salts

Table 1. Synthesis and Antiviral Activity of P1Para-Substituted Inhibitoi@—20?

f Q

g ; o
[Pd] microwaves ), H
Y NT T N

N
‘rof 6H H OH ,'_“'JI 11)/
1 9-20

Cmpd  Reactant Yield  R-group KP ECso° CCs

) oM @M @M
1 3 - Far 24 1.1 >10
9 (H0)23_® 38 §—© 20 0.70 >10
10 o) 17 ) 12 090  >10
nt w27 d 5.0 0.18  >10
12 (H%B—@N 17 N 5.5 0.22 >10
13 oD 59 ./ 11 >10  >10
14 =) 22 =) 15 >10  >10
15 == ) 34 =) 90 1.0 49
16 =\ 45 = Q18 0.75 >10

=N =N
17 HopB—( 31 !—§:&, 3.8 1.1 >10
=N =N
18 e )19 =) 2.1 1.0 7.8
0W Oj
19 <Ho>23@o 49 ;_@0 11 1.0 >10
S S

20 (HOkB@ 62 E—Q\J@ 3.5 >10 >10

aMicrowave conditions: Suzuki reactions: Pd(BR8I,, NaCOs (aq), EtOH, DME, 120°C, 30 min; Stille reactions: Pd(PEBCl,, CuO, DMF, 130
°C, 20 min; Sonogashira reactions: Pd(B&dl,, E&N, Cul, DMF, 130°C, 60 min.? Indinavir: K; = 0.52 nM1® atazanavir:K; = 2.66 nM16 ¢Indinavir:
ECso = 0.041uM,536 atazanavir: E = 0.0039uM.3” 9Py, (Caco-2)= 33 x 1078 cm/s.® Cliny = 154 uL/min/mg.
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Table 2. Synthesis and Antiviral Activity of PIMeta-Substituted Inhibitorg@1—-28

@ QBr @ QR
o o
O H . O H
g l/'N . N~N N\H/O\ [Pd], microwaves - /"N : N»N NTO\
OH G o OHH [OH G o

21-28

oH H

Cmpd  Reactant Yield  R-group K; ECsy CCso
%) M) @M @M
3 - 5 Far 18 33 >10
21 o~ ) 26 =) 23 >10  >10
2 o) 18 () 15 >10 44
23b¢ (n-au)ssn@ 25 W 12 >10 68
24 (OR8N 31 CN 93 2.0 >10
25 o ) 4 s_/—@ 14 >10 >10
26 =) 27 =) = >10  >10
27 H=— ) 19 =) 22 >10 >10
28 W= ¢ 23 =) 18 >10  >10

aMicrowave conditions: Suzuki reactions: Pd(BR8l,, NaCOs (aq), EtOH, DME, 12C°C, 30 min; Stille reactions: Pd(PEBCl, CuO, DMF, 130
°C, 20 min; Sonogashira reactions Pd(BEQI2, EL,NH, Cul, DMF, 140°C, 30-40 min.? P, (Caco-2)= 11 x 1076 cm/s. Cliyy = 190 uL/min/mg.

lle50
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Figure 2. X-ray arrangement of inhibitot, 10, and11in the active site of the HIV-1 protease. The most relevant hydrogen bonding interactions
between the inhibitors and the enzyme amino acid residues are represented by green dashed linepyfitigl Bloups of10 and11 are angled
away from Arg108 via hydrogen bonding through a water molecule. The electronegative property of the brdngnabtes the Proup to close

pack against Arg108.

with the formic acid. For these compounds, additional HRMS cellular activities (EGo = 0.18 and 0.2 M, respectively) than
analyses were performed, and data presenting the actual mas& (EGsp = 1.1 uM). In the meta library, §, 21—-28, Table 2)
within 5 ppm of the theoretical masses are included in the slightly less potent enzyme inhibitors compared to the corre-
Supporting Information. The somewhat disappointing isolated sponding para analogues were obtained \Kitkialues ranging
yields can partly be explained by the rigorous purification from 12 to 93 nM. Surprisingly, only two of the meta
procedure and partly by the complexity of the structures. Pleasecompounds exhibited antiviral activity on the cellular level, the
note that all cross-couplings were performed without protection best one being the 4-pyridine analog2éewith an EG value
of the hydroxyl group¥ and that no byproducts from water of 2.0 uM (Table 2). Four compounds exhibited cell toxicity
elimination were detected. with CCsp values below 1M (15, 18, 22, and23, Tables 1
Biological Evaluations. Antiviral activities for compounds  and 2). The 3-pyridyl analoguekl and 23 (K; = 5.0 and 12
8—28are summarized as and EGpvalues in Tables 1 and 2.  nM, respectively) were further examined in a Caco-2 cell assay
The previously investigateg-bromo compound. is included and for stability in liver microsome homogenate (Tables 1 and
as a reference. Within the para collectidn 9—20, Table 1), 2). CompoundL1 exhibited excellent permeabilityPg,, = 33
all structures seemed to be well accommodated in the active x 1076 cm/s) whereas the corresponding meta anal@aweas
site of the HIV-1 protease, ar values varying between 2.1  more slowly transported across the Caco-2 cell membriagg (

and 20 nM were encountered (Table 1). More interestingly,
higher P1 substituent dependence as deduced from thg EC
values was observed in the assay with HIV-1 infected MT4 cells.
All compounds were active at concentrations up ta:Mwith
ECso values ranging from 0.18 to 1AM except analoguet3,

14, and20 with hydrophobic phenyl groups attached at a two-
carbon distance from the parent'®E&nzyl group. The para 3-
and 4-pyridyl derivatived 1 and 12 exhibited notably higher

= 11 x 10°% cm/s). The observed fast intrinsic clearance of
these compounds in liver microsomes(Gk 154 and 19QL/
min/mg, respectively) could be attributed to rapid oxidative
metabolism of the P2 aminoindanol gro#p.

X-ray Crystallographic Data. The arrangements of com-
poundl, 10, and 11 in the active site of the HIV-1 protease
including the most relevant hydrogen bonds, as deduced from
X-ray crystallography, are presented in Figure 2 (PDB codes
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2cej, 2cem, and 2cen, respesctively). The tertiary hydroxyl group 3-pyridine analogué 1 which gave seven times higher cellular
in 1, 10, and11 form a hydrogen bond to one of the catalytic antiviral potency than parent compouhdshowed no indications
aspartic acid residues (Asp25) in the enzyme and the hydrazideof cell toxicity and exhibited excellent membrane permeability
o- andg-nitrogens are hydrogen bonded to Gly27. Arg108 plays properties.

a crucial role for the positioning of the extended Bitle chains, _ )

and in the case df, the electronegative bromine can favorably EXxperimental Section

close pack against the positively charged Arg side chain.  General Procedures for the Palladium-Catalyzed Reactions.
Furthermore, in the complexes with compouridsand 11, a Method A. Aryl bromide 1 or 8 (1 equiv), boronic acid (5 equiv),
water molecule is correctly positioned for hydrogen bonding Pd(PPK).Cl, (0.05-0.1 equiv) 2 M N&CO; (aq, 3 equiv), EtOH
between the pyridyl nitrogen atom and the Arg side chain. This (0.6 mL), and DME (2.4 mL) were stirred in a Smith process vial
arrangement forces the Rjroups in10 and11 to be lifted up s_ealed under air at 12@C for 30 min in the m!crowave cavity.
and away from Arg108. As a result, the position of the enzyme Five drops of formic acid were added to the mixture, and then the
Pro181 residue differs (1.5 A) between the three inhibitor/HIV-1 solvent was evaporated followed by purification on RPLC-MS.

. Method B. Aryl bromide 1 or 8 (1 equiv), tin reagent (4 equiv),
Comp'e.xesf' The dpgv‘m”p.s are .e(;"be‘.’(?ed in the enzyméS1 b ppp).cl, (0.05 equiv), CuO (+1.1 equiv), and DMF (2 mL)
S3 cavity formed by amino acid residues +7883. were stirred in a Smith process vial sealed under air at*C3fbr

) ) 20 min in the microwave cavity. Ci€l, was added to the mixture
Discussion followed by washing with saturated NaHGQag). The organic
Generally, the para P&longated structures exhibited higher Phase was dried (N80O,) and evaporated, and then the residue

enzyme affinity compared to the corresponding meta com- was redissolved in C#N and washed with isohexane. The £H

pounds, which could be due to an unfavorable angle of the P1 (él;leg_a’\jgwas evaporated, and the crude product was purified using

side chains formed in the meta analogues for approach into the  \1athod C. Aryl bromide 1 (1 equiv), alkyne (2 equiv), BN
S1—S3 pocket. Not more than two inhibitors in the meta series (10 equiv), Pd(PPJ).Cl, (0.05 equiv), Cul (0.1 equiv), and DMF

were active on the cellular level, the best compound b@ig (2.1 mL) were stirred in a Smith process vial sealed under air at
(ECso=2.0uM, Table 2). Thus, structurd4 was considerably ~ 130°C microwave heating for 60 min. Evaporation of most of the

less potent than the corresponding para derivat®RéECso = solvent was followed by purification using RPLC-MS.
0.22 uM, Table 1), although it should be taken into account _ Method D. Aryl bromide 8 (1 equiv), alkyne (1.21.3 equiv),
that 24 also is a rather weak enzyme inhibitd€; (= 93 nM, EtNH (8.7 equiv), Pd(PPJCl, (0.08 equiv), Cul (0.0#0.09

Table 2). The low cellular potencies of the meta analogues are duiv), and DMF (2 mL) were stirred in a Smith process vial sealed
not easy to explain, although a somewhat slower membrane\‘jv';c;er:r']fofééﬁoéc ren;;g)(‘:’;’iivetgee?g&%ufg V%ﬁﬁogr}nl'znér\]’gc’gtgp
transport, as deduced from the Caco-2 assay, is observed With]’he Fc))rganic pha{;e was e\(}gaporated and then the produ.ct was
the meta compoun@3 (Papp = 11 x 1078 cm/s, Table 2) as purified by RPLC-MS. '

compared to the corresponding para derivafilgPap, = 33

x 1076 cm/s, Table 1). By comparing the membrane permeation  Acknowledgment. We gratefully acknowledge the Swedish
properties of compoundl and 23 with data obtained from Research Council (VR) and the Swedish Foundation for
atazanavir and indinavir in the same assay the Righvalues Strategic Research (SSF) for financial support.

of both 11 and 23 are exceptional This is probably due to

intramolecular hydrogen bonding with the tertiary alcohol, which ~ Supporting Information Available: Experimental details and
should prevent solvation of the hydroxyl group and result in a SPectroscopic data for compouriand8—28, elemental analysis
i desaalion energyor eerng the membrane pHate. (1% 12 sy delerminalon tlals ad statcs proceues
In add[tlon, conformatlonal changes of these flexible molecyles stabilityyevéluation. Th)i/s material is availgbl’e free of charge via
to attain a transient, more permeable structure could Contrlbutethe Internet at http://pubs.acs.org.

to the fast membrane transpéftHowever, considering the
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