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Four focused libraries targeted for inhibition of the malarial proteases plasmepsin | and Il were designed,
synthesized, purified, and screened. Selected carboxylic acids and organometallic reactants with diverse
physical properties were attached to the hydroxylethylamine scaffold in the P3 apdditions to furnish
inhibitors with highly improved activity. The concept of controlled and sequential microwave heating was
employed for rapid library generation. This combinatorial optimization protocol afforded plasmepsin inhibitors
not only withK; values in the low nanomolar range, but also with high selectivity versus the human protease
cathepsin D. With this class of inhibitory agents, modifications of thesBlistituents resulted in the largest
impact on the plasmepsin/cathepsin D selectivity.

Introduction P3 position of the inhibitors was exchanged for a set of
diverse carboxylic acids, while the other parts of the

inhibitors remained constant (libraries 1 and 2). Thereatfter,
ﬁ1e P1 benzyl group was decorated in the para position by
employing palladium-catalyzed cross-coupling reactions,
keeping the P3 constant as a picolinic acid amide (library
3). Finally, the side chains found to present the best inhibitors
were combined to provide a fourth series (library 4) of

Malaria is endemic in many regions of the world and is
second to tuberculosis as the most deadly contagious diseas
in the world! Among the new targets studied for chemical
intervention with the course of the disease, the inhibition of
proteases is one of the most prominent. Approximately 2%
of the genome oPlasmodium falciparumthe deadliest of
the four subtypes oPlasmodiumparasites, contains codes T
for protease$d? The two most studied aspartic proteases are plasmepsin inhibitors.

p p p - : ;
plasmepsin | and Il. These proteases are responsible for the In medicinal and high-throughput chemistry, the overall

initial cleavage in the hemoglobin degradatiéiThus, an workflow is a crucial factor, and much work is devoted to
efficient plasmepsin inhibition will result in the death of the SPeeding up the process of chemistry developrtieftSince

malaria parasite due to starvation for amino acids. Consider-""tumm"’ll_tecj I_rgncrowavde—b?sed sg?thesi%tleeset knlown to .
ing this background, our principal aim is to identify potent, streamiine fibrary production and to accelerate siow organic

selective, orally bioavailable and metabolically stable plas- ransformations, this technology was implemented for the
mepsin inhibitors as potential new antimalarial drérgs. palladium-catalyzed coupling reactioffs.

_We earlier_describe_d the s_y_nthesis an(_i l?iol_ogig:al _eyalu- Results and Discussion
ation of a series of basic transition-state mimicking inhibitors ] ) o ]
of plasmepsin | and Il with the generic structuréFigure Library Generation. To produce targeted libraries of high
1).10 The SAR of these secondary amines showed a Strongdlvers_|ty Wlth_ln the scope of the s_ynthetlc pro_c_edu_re, a
preference for large R groups. In particular, theryl- selection of S|qle chains to_replace e|th_er the pyr|d|r_1e in the
substituted benzyl derivatives (e.§),combined inhibiton ~ P3 or the terminal phenyl ring on the biphenyl functiorof
of the plasmepsins in the 100 nM range with a reasonableWas performed. This was accomplished preceding the
selectivity over the very similar human protease cathepsin Preparative chemistry using an experimental design technique
D. Moreover, some of these compounds were found to O pick sets of reagents from larger pools of candidates (see

moderately inhibit the growth of cultureB. falciparum the Experimental Section for details).

infected erythrocyteg)_ |mp0rtant|y’ Compounm was also Libraries 1 and 2The intermediat® was used as Starting
shown to likely have good oral bioavailability, as it pen- material for all the reported inhibitors in Schemé®IThe
etrated Caco-2 cells rather wél. Boc group was removed, and the liberated primary amine

We hereby report an attempt to optimize this class of Was reacted with each one of the 12 selected carboxylic acids

scaffold inhibitors by rapid and convenient generation of 41—12} using TBTU as a coupling agent with DIEA as

small, targeted chemical libraries. The picolinic acid in the Pase. After a quick purification, the Z group of the triamide
was cleaved off using a solution of triflic acid in DCM with

t Uppsala University. anisole as a scavenger. The secondary anfifies10} were
* Medivir AB. thereafter isolated in 2186% vyield after this three-step

10.1021/cc0301014 CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/17/2003
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Figure 1. Generic structure from earlier investigatial) @nd lead compound for this studg)(

Scheme 1.Libraries 1 and 2: Synthesis of Plasmepsin Inhibitsf$-10 and6{1-1G with Diverse P3 Side Chains from

Acids 4{1-10} 2
H\/'Oi/z\)k 1. HCI, EtOAc OH 4
N
BooN NH, 2.4{1-12}, TBTU, DIEA, DMF R \/'\/N\)]\NHZ

3. TfOH, anisole, DCM
SheoheW hehel
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H
PhB(OH),, Pd(PPh3),Cl, j;r \/'\/N\)kNH
2

Cs,CO3
EtOH, DME
140 °C, 20 min 6{1- 10}
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COOH N COOH COOH 7 COOH
T oy QE” ¢
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F 459 j 21 % -
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aKey: Altered reaction conditions for the Suzuki coupling: J8&; instead of CSCOs, 120°C, 40 min;2product not isolatecfreaction not performed.

protocol (Scheme 1). With the electron-rich ad{dL0} and irradiation using an automated single-mode applicator. The
anisole as the scavenger, the Z deprotection resulted in majophenylated products, except in the case6fi0}, were
benzylation of the activated phenyl group as deduced from isolated in 14-45% vyield after chromatography (Scheme 1).
the LC/MS spectrum. 1,3,5-Trimethoxybenzene was testedlt is worth noting that no epimerization of the inhibitors was
as an alternative scavenger, but despite this change, aletected, despite the accelerated microwave conditions
considerable amount of benzylated product was formed, andutilized. The Suzuki coupling of aryl bromidg{10} was

the yield of5{ 10} did not improve (21%). Disappointingly,  sluggish, and starting material contaminated the product.
the isolation o6{ 11} and5{12} were not successful because Efforts to achieve full conversion d&{10}, for example,

of very low solubility in all tested solvents. The purified different temperatures and reaction times or addition of a
compoundss{ 1—-10} in library 1 were subsequently sub- second portion of catalyst, failed and led to a mixture that
jected to rapid microwave-heated palladium-catalyzed Suzukiwas very difficult to separate. Because the synthesi$ b}
cross-couplingg=2° to afford target product${1—10}. was also problematic, an unreasonablly high amount of
Operationally, aryl bromide§{1—10} were reacted with 5  starting material would have had to be devoted to the
equiv phenylboronic acid, 8% thermostable Pd@elt,, and synthesis of6{10}, which therefore was excluded from
3 equiv cesium carbonate in an ethanol/DME mixture library 2.

(procedure A). The couplings were sequentially performed  Library 3. Of the selected 12 cross-coupling agents (10
in sealed vessels under air with 20 min of controlled boronic acids, 1 boronic ester, and 1 zink bromide) planned
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Scheme 2.Library 3: Microwave Synthesis of Plasmepsin Inhibit®d-8} with Diverse P1Side Chains from Coupling

Reagent${1-8} .2

OH OH
H 8{1-11}, Cs,CO; H
N
" DME, EtOH

\© \©\ 140 °C, 20 min

@@L

9{1-8}
Library 3
(HO).B HO),B
(HO)ZBf\O \@ (HOMB. (HO),B O
0
O >\3 s
8{1} o~ 8{2} o/ 8{3} 8{4
26 % 11 % 7% 20 % @
(HO),B (HO),B
(HO),B \© Ban\Q
85y HN.__O 8{6) Xy 8{7} 8{8}
18 % \f 14 % 39 % 9 %2
07 OH
(HO),B CFs
© N (HO)ZBﬁ (HO)23\©\
| °N
O © © w CF3
8{9} 8{10} 8{11} 8{12}
0% 0% 0% n.p3

HO™ ~O

aKey: tAltered reaction conditions for the Suzuki coupling: J8&s instead of CgCOs, 120 °C, 40 min.2Reaction conditions for Negishi coupling:

Pd(PPB),Cl,, dry THF, 160°C, 20 min.3Reaction not performed.

to be employed for the diverse decoration of thé fubunit

of starting material7 (Scheme 2), the 2,4-ditrifluorometh-
ylphenylboronic acid8{12} was no longer commercially
available. This boronic acid was thus excluded from the
synthesis of library 3. The remaining 11 organometallic
compounds were reacted with aryl bromitlender identical
microwave conditions (procedure A) as described for library
2. With this protocol, eight of the coupling reactions provided

Screening and Biological Evaluation.All 35 library
compounds werdjrst, subjected to individual purification
and chemical characterization amnskcond evaluated for
inhibition of plasmepsin I and Il (PIm | and II) as well as of
cathepsin D (Cat D). The results are summarized in Tables
1-4. The picolinic acid derivative®2 and 7 have been
included in the tables for comparison. The biological data
disclose that the generic hydroxyethylamine scaffold func-

enough products for characterization and biological testing tions well. All of the compounds are active on PIm | and
(Scheme 2). However, reaction with coupling reactants PIm II, even though the side chains were selected to produce

8{10—11} furnished only dehalogenateti and reactions
with 8{7} and 8{9} provided only a complex mixture of

a large variety of physicochemical properties in the inhibitors.
With very few exceptions, the library members inhibit both

degraded materials. Thus, prior to embarking on the synthesisof the malarial enzymes in the nanomolar range. Furthermore,

of library 4, we decided to investigate new reaction condi-
tions for the Suzuki coupling with the goal of improving

the inhibition always occurs with some selectivity over the
human protease. Another general observation is that almost

the chemical yields. Screening different bases and catalyticall of the compounds are more active against plasmepsin |

systems at 120C for 40 min suggested a change from

than against plasmepsin Il (exceits} and9{7}). This is

cesium carbonate to sodium carbonate. This improvementespecially true for the aryl bromidég§1—10} produced in

(procedure B) afforded produ®{ 7} in 39% vyield (Scheme
2) and also increased the yield &f9} to 38% (Scheme 1).
Library 4. After biological testing of the inhibitors in

library 1. All of the compounds here show high selectivity
for plasmepsin I, and many of the compounds are more active
against the plasmepsins than the parent picolinic acid

libraries 1, 2, and 3, the side chains that produced the mostderivative 7 (Table 1). The most marked Plm/Cat D

active inhibitors were identified and combined to give a total
of eight new structuresl({ 1,3} and11{1,3—5,7,8}). These

selectivity is found in the indole derivativg 3}, with an
~20 times improvement against plasmepsin | ardtimes

compounds were synthesized using the same chemicalower K; against plasmepsin Il, as compared to the parent

strategy as with libraries-13, but employing the improved

compound?.

Suzuki procedure B with sodium carbonate. The structures With the different aryl bromide derivatives, a further
and yields of these targeted compounds are summarized imp-phenyl extension in the Pin all cases resulted in an

Table 4.

improved binding to both PIm | and PIm Il (compare Tables
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Table 1. Biological Evaluation of Library 1

Library 1 Name K (Pmi/nM) K (Pimll/nM) K(CatD/nM)

OH

o I( SO

00,

oH

I( AU
@ e 5{1) 29 490 >2900
hehol

OH

NG

7 98 540 >2000

LO KT @ @ 5(2} 240 1100 >2900
LA L,
: 5{3} 47 140 500
00,
TY S,
: 5{4} 200 1200 >2900
hohel
%ﬂk \)oi/H\)l\NH2 5{5} 46 260 920
; J’“vba
S Iﬂ NG 5{6} 340 1100 >2900
hoheoW
{ g Ir JV J\”“? 5{7} 130 510 640
00,
SR
0 \)\/ JLNH
: 5{8} 180 810 >2900
hohel
vkj;( JUL,
: 5{9} 27 660 3400
hohell
j;f 0% JL"”* 5{10} 63 690 >2900

0 Q,

1 and 2). Again, an indole-derived compouie§l3}, is the compound{ 1}, ¥4}, and¥{ 7}, although the activity of
library 2 member that stands out as the most active inhibitor 9{4} was even lower than expected. Nor does a meta
of the series, with a 10-fold reduction in ti& value for substituent on the terminal Pdhenyl ring strongly enhance

PIm II after phenylation. the potency ¢ 5} and9{6} vs biphenyl2), whereas larger
The fact that the side chains were selected to be diversebicyclic and oxygen-containing ring systems in the space of
makes it difficult to find a clear structureactivity relation- meta and para substituents do, indeed, appear to be favorable

ship for the P3 substitution in libraries 1 and 2. Size (9{2} and9{3}). The small cyclopentane ring rendéX{s3}
apparently does not matter very much; neither does polarity even less active than the corresponding aryl bromide, perhaps
seem to play an easily interpretable part in binding the S3 because of the different “out of the plane” geometry, as
subsite. However, one conclusion is apparent. The inhibition compared with the aromatic substituents. The&itket of
results indicate that the S3 of Cat D is very similar to the Cat D probably has much less in common with the plasme-
S3 of the plasmepsins. Thus, the compounds that are morgpsins than the S3 subsite of Cat D. For example, the two
active against the plasmepsins also tend to be more activanost plasmepsin-active compounds in library982} and
against Cat D, although there is always some degree of%¥{3}, are much less potent against Cat D, whereas the
selectivity for the malaria proteases, especially with highly cinnamic acid derivativé®{6} gains much more inhibitory

active6{1} (PIm | and PIm Il vs. Cat D). power against Cat D than it does for the plasmepsins.
With respect to the substitution pattern of thé §ldle chain Library 4 was designed by combining some of the best

in library 3, we had earlier realized that eamethoxyphenyl P3 and P1side chains detected in libraries-3. In this set

substitution on the para position of the' BEnzyl ring of3 of eight new compounds, none proved to have greater activity

lowered biological activity considerabl§. Therefore, we against the plasmepsins than those that had already been
were not surprised to encounter moderate activity with established in previous libraries, althout®{ 3} and11{3}



460 Journal of Combinatorial Chemistry, 2003, Vol. 5, No. 4

Table 2. Biological Evaluation of Library 2

Noteberg et al.

Library2 Name K (Pim1/nM) K (PIm Il/nM) K (CatD/nM)
j;( BN
@ “ 2 68 120 >2000
AL wz
“ 6{1} 12 43 1900
OH H
i e
- "o \@ ‘\‘ 6{2} 82 190 >2900
JvNJ\NHZ
\@ \‘\‘ 6{3} 2.6 11 30
OH
(T‘L \)\/N\)J\NH
@ ‘\‘ 6{4) 18 57 2200
‘\‘ 6{5} 33 62 1700
H H ¢ n\)\NHz
\@ \‘\‘ 6{6} 150 150 >2900
OH H
J\,N\)LNHZ
\@ \‘\‘ 6{7} 55 70 3200
\o
J\/ JLNHZ
\@ \‘\‘ 6{8} 24 110 570
ut JVULNHZ
6{9} 2 120 1400

were active in the single-digit nanomolar range for PIm | sioned to be of importance for the lead development process.
(Table 4). Thus, it appears that one has to be very careful toCompared to conventional thermal heating, single-mode
balance the Pland P3 side chains to obtain maximum microwave irradiation accelerated the library synthesis step
potency. It is noteworthy that the 3-(3-indol)-propanoic acid by reducing the reaction times of the Suzuki reactions from
acts as a very general P3 side chain in the investigatedh to min.

structures%{ 3}, 6{3}, 10{ 3}, and11{3}. There is, however,
one P3 group included in the series that consistently displaythat very diverse side chains are tolerated in both the P3
good selectivity. The cyclohexyl amide in compouf4},
11{1}, and most markedlyl0{1} gives in all cases fairly

active and very selective plasmepsin inhibitors.

Conclusions

With regard to PIm I and Il inhibition, it was demonstrated

and P1 positions of the hydroxyethylamine transition state
isostere. Furthermore, a number of synthesized compounds
were identified that combined high malarial protease inhibi-
tion (in the low nanomolar range) with high selectivity
against the similar human aspartic protease cathepsin D.

Reported here are the results of a search for improvedFrom the information presented herein, the focus for future
antimalarial plasmepsin | and Il inhibitors. The rapid and investigations of the generic hydroxyethylamine scaffold
efficient generation of targeted hydroxyethylamine based should be on the Plend of the inhibitor, since the
libraries with different P3 and PXkubstituents were envi-

plasmepsin/cathepsin selectivity was found to be partly
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Table 3. Biological Evaluation of Library 3

Library 3 Name K (Pmi/nM) K(PimIl/nM) K (CatD/nM)

OH

Q»LI( L,
@ ©\ﬁ 9{1) 170 360 >2900
o'

OH

I( L,

\@ \‘\‘: 9{2} 23 52 1900
)

oH

o AT,

\© \‘\E. 9{3} 13 30 1400

OH y

I( SSSW

@ V 9(4} 220 490 >2900

OH

Ir UL,

\@ \‘\‘ 9{5} 99 92 >2900
g

OH

el S A,

\© 9{6} 42 110 300
MOH

J\/NJLNHZ
hehe

NH; 9{7} 610 600 >5900

OH y

I( vuxwz

\@ \@\Q 9{8} 130 1300 >2900

controlled in this area. We suggest that a possible combinedbetween the candidate and the closest (i.e., most similar)
P3/P1 strategy for further chemistry efforts might involve member of the design set is tallied. The candidate that has
the investigation of nonaromatic P3 side chains. Finally, to the greatest of these minimum distances (i.e., the one which
achieve good pharmacokinetic properties, the molecularis furthest away from those already chosen) is added to the

weight will need to be reduced. design set. Additional candidates are selected in the same
_ _ manner, maximizing the minimum distance to the compounds
Experimental Section already in the design set.
Selection of Side Chain PrecursorsChemical descriptors As implemented here, alternative starting points for the

were calculated for the carboxylic acid and boronic acid algorithm are possible. Some compounds could be prese-
candidate sets in order to allow the selection of a diverse lected to satisfy an important bias or to incorporate com-
set of side chains. 2D fingerprints, calculated with Unity pounds of a previously synthesized library. This technique
software?! were used as the metric, since they are both easywas utilized in the selection of the second half of the
to calculate and appropriate for bioactive selectiriBhe carboxylic acid set (vide infra). For a small pool of
fingerprints were expressed as a 992-bit string encoding candidates, this preselection procedure could be expanded
information related to the chemical connectivity of each to search for more favorable datasets by iteratively running
candidate. Differences between pairs of candidates werethrough the calculation starting from each candidate in turn.
determined by calculation of Tanimoto coefficieAtsyhich This variation was used in the selection of boronic acids (vide
express the percentage of similarity by a comparison of infra).

fingerprints. The selection of side chains was accomplished Carboxylic Acids. From a collection of carboxylic acids
using an experimental design technique based on the methodeadily available in our laboratory, 69 were considered
of “maximum-dissimilarity”?* This procedure was used to suitable on the basis of criteria such as having a molecular
initially select into the design set the pair of candidates that weight below 300 and the absence of undesired functional
were determined to be most different by some metric of the groups (especially those which were expected to interfere
candidate set. For each remaining candidate, the distancewith the subsequent reactions). For example, vinylic, allylic,
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Table 4. Synthesis and Biological Evaluation of Library 4

Na,COj3 N

EtOH, DME o3
5(1,3-5,7,8) \© \©\ 120 °C, 40 min. 11(13578}\© \©\
Library 4 Name Yield K(PmlI/nM) KPmi/nM) K (CatD/nM)

oH y

Oxji( S,

\@ \‘\‘: 10{1} 64 % 12 110 3300
)

103} 38% 48 65 280
@ ‘\(>

OH

I( L,

@ ‘L‘ 1M{1} 72% 35 43 1200
@ ‘\L. 13 62% 4.1 95 180
\@ ‘[‘ 14 12% 54 110 1100

OH
%)k \/‘\/:\)LNHZ
115 46% 54 140 570

oH o 9 D
\)\/N\)J\ 8{2,3}, Pd(PPh3),Cl, R/U\ \/'\/NVU\NHZ

\)\/N\)]\NHz
L \@*\[‘ 17} 75% 160 160 1700
@)L Vuwkmz
i 18 77% 20 85 1000

acidic, and aromatic halides were eliminated. Six of these expected to interfere with the coupling reaction. For purposes
carboxylic acids4{1,2,4,6,8,9}, were chosen for the library  of estimating diversity, the boronic esters were considered
using the reagent selection method described above. equivalent to the corresponding boronic acids. The candidate
The ACD?® was searched for additional carboxylic acids. set consisted of the remaining 152 unique compounds.
The same criteria for the locally available acids were used Twelve structurally diverse boronic acids and est8f4,—
to refine the search from the complete collection-@0 000 7,9—12}, were chosen using the reagent selection method
commercially available acids t84000 candidates. Taking described above. The zinc bromi8f8} was a replacement
the six previously chosen acids into consideration, an for the equivalent boronic acid from this set.

additional six4{3,5,7,10—12}, were selected from this pool Plasmepsin Assay and; Determination. Pro-plasmepsin
of candidates using the same reagent selection method tdl was a generous gift from Helena Danielson (Department
increase the diversity of the library. of Biochemistry, Uppsala University, Uppsala, Sweden), and

Cross-Coupling ReactantsA total of 224 commercially ~ the expression and purification of plasmepsin | will be
available boronic acids and boronic esters were selected frompublished elsewhere (manuscript in preparation).
the ACX?® database of available chemicals. Using filters ~ Human liver cathepsin D was purchased from Sigma-
similar to those used for the carboxylic acids, candidates Aldrich, Sweden. The activities of plasmepsin | (PIm 1),
possessing unwanted functional groups were eliminated fromplasmepsin 1l (PIm 1), and cathepsin D were measured
consideration. For example, boronic acids or esters containingessentially as described eaffiesing a total reaction volume
Cl, Br, or | were removed from the list since they were of 100uL. The concentration of pro-Plm Il was 3 nM, the
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amount of Plm | was adjusted to give similar catalytic 10}, 1.1 equiv), TBTU (1.1 equiv), and DIEA (2.2 equiv)
activity, and 50 ng/mL pro-cathepsin D was used. The pro were added, and the mixture was stirred at room temperature
sequence of PIm Il was cleaved off by preincubation in the for 2 h. DCM (20 mL) was added, and the mixture was
assay reaction buffer (100 mM sodium acetate buffer [pH washed with aqueous NaHG@0 mL, 1 M). The organic
4.5]), 10% glycerol, and 0.01% Tween 20) at room temper- phase was dried, filtered, and evaporated, and the residue
ature for 40 min, and cathepsin D was activated by incubationwas purified by filteration through a short silica column
in the same reaction buffer at 3T for 20 min. (mobile phase DCM/MeOH 99:1~ 19:1) to give the
The reaction was initiated by the addition ofu® sub- corresponding amide. This amide was dissolved in DCM
strate DABCYL-GIlu-Arg-Nle-Phe-Leu-Ser-Phe-Pro-EDANS (100 mL), anisole (2 equiv) was added, and the mixture was
(AnaSpec Inc, San Jose, CA), and hydrolysis was recordedstirred for 5 min. Triflic acid (10 equiv) was added, and the
as the increase in fluorescence intensity over a 10-min mixture was stirred vigorously for an additional 20 min.
interval, during which the rate increased in a linear fashion. Aqueous NaCQ; (sat.) was added until the pH waslO0,
Stock solutions of inhibitors in DMSO were serially diluted Water (30 mL) was added, and the phases were separated.
in DMSO and added directly before addition of substrate, The organic phase was dried, filtered, and evaporated. The
giving a final DMSO concentration of 1%. residue was purified by column chromatography (mobile
ICs, values were obtained by assuming competitive phase DCM/M_eOH 39:1> 9:1) to give the corresponding
inhibition and fitting a Langmuir isothermufv, = 1/(1 + secondary amines{1—10}.
[11/1C 50)) to the dose response data (Grafit), wharand v, 5{1}. Yield: 60%.'H NMR (270 MHz, CROD) 6 0.74—
are the initial velocities for the inhibited and uninhibited 0-86 (M, 6 H), 1.16-1.48 (m, 5 H), 1.59-1.71 (m, 1 H),
reaction respectively and [I] is the inhibitor concentrafion.  1.71-1.82 (m, 4 H), 1.82.1.99 (m, 1 H), 2.032.19 (m, 1
The K; was subsequently calculated by usig= 1Csy/(1 H), 2.38-2.47 (m, 2 H), 2.66:2.87 (m, 3 H), 2.93 (dd] =
+ [S)/Km)?, and aK, value was determined according to  2-6: 13.9 Hz, 1 H), 3.20 (ddl = 5.5, 8.0 Hz, 1 H), 3.47
Michaelis=Menten. 3.55 (m, 1 H), 3.994.09 (m, 2 H), 7.027.10 (m, 2 H),
Chemistry. General. All microwave reactions were 7.10-7.27 (m, 5 H), 7.347.43 (m, 2 H).*C NMR (67.9
conducted in heavy-walled glass Smith process vials sealedMHz, CD;0D) 6 17.6, 18.9, 25.4, 29.0, 29.5, 30.4, 37.6,
with aluminum crimp caps fitted with a silicon septum. The 38.4, 44.9, 51.0, 52.4, 58.3, 63.2, 69.5, 120.3, 120.0, 128.0,
microwave heating was performed in a Smith Synthesizer 128.9, 130.6, 131.3, 136.0, 137.7, 171.5, 176.9, 177.0.
single-mode microwave cavity producing continuous irradia- ~ General Procedure A for the Suzuki Couplings A 0.5-
tion at 2450 MHz (Personal Chemistry AB, Uppsala, ML Smith vial was .charged with thg aryl brom|de2{Q—
Sweden). Reaction mixtures were stirred with a magnetic 30 Mg), the boronic acids (5 equiv), £X0; (3 equiv),
stirring bar during the irradiation. The temperature, pressure, Pd(PPB)-Cl2 (0.08 equiv), DME (0.4 mL), and ethanol (0.1
and irradiation power were monitored during the course of ML). The vial was irradiated in a Smith synthesizer at 140
the reaction. After completed irradiation, the reaction tube “C for 20 min. The contents of the vial were filtered through
was cooled with high-pressure air until the temperature had@ Celite plug, which was washed out thoroughly with
fallen below 39°C. H and'3C NMR spectra were recorded methanol. The filtrate was evaporated, and the residue was
on a JEOL JNM-EX 270 spectrometer at 270.2 and 67.8 Purified by column chromatography (mobile phase DCM/
MHz, respectively, or on a JEOL JNM-EX 400 spectrometer MeOH 39:1— 9:1) to give the arylated product.
at 399.8 and 100.5 MHz, respectively. Flash column chro- ~ General Procedure B for the Suzuki Couplings.Same
matography was performed on Merck silica gel 60, 8:04 as procedure A, with N&O; instead of C£CO; and
0.063 mm. Thin-layer chromatography was performed using irradiation at 12G°C for 40 min.
aluminum sheets precoated with silica gel 66,F0.2 mm; 6{1}. Procedure A, 24% yield'H NMR (400 MHz,
E. Merck) and visualized with UV light and ninhydrin. CDCls, CD;0D 3:1)6 0.57—-0.66 (m, 6 H), 0.96:1.27 (m,
Analytical RP-LC/MS was performed on a Gilson HPLC 5 H), 1.44-1.53 (m, 1 H), 1.541.65 (m, 4 H), 1.651.79
system with a Zorbax SB-C8, /am 4.6 x 50 mm (Agilent (m, 1 H), 1.96-2.00 (m, 1 H), 2.352.48 (m, 2 H), 2.61
Technologies) column, with a Finnigan AQA quadropole (dd,J= 8.5, 13.8 Hz, 1 H), 2.70 (dd] = 7.0, 13.8 Hz, 1
mass spectrometer at a flow rate of 1.5 mL/min@HCH;- H), 2.77 (ddJ = 6.6, 13.7 Hz, 1 H), 2.91 (dd,= 6.3, 13.4
CN/0.05% HCOOH). Hz, 1 H), 3.25-3.42 (m, 1 H), 3.423.56 (m, 1 H), 3.78
General Procedure for the Synthesis of Compounds  3.88 (m, 2 H), 6.96-7.08 (m, 4 H), 7.087.19 (m, 3 H),
5{1—10}. (255S 6R)-3-Aza-3-(benzyloxycarbonyl)-2bro- 7.19-7.28 (m, 3 H), 7.3+7.41 (m, 4 H).
mobenzyl)-6f [(tert-butyloxycarbonyl)e-valinyllJaming} -5- 9{1}. Procedure A, 26% yield!H NMR (400 MHz,
hydroxy-7-phenylheptanoyl amid8,(~410 mg, 0.66 mmol) ~ CDCls;, CD;OD 3:1)6 0.67 (d,J = 6.9 Hz, 3 H), 0.71 (dJ
was dissolved in a mixture of DCM and TFA (1:1, 15 mL), = 6.9 Hz, 3 H), 1.88-2.00 (m, 1 H), 2.63-2.95 (m, 5 H),
and the resulting solution was stirred at room temperature 3.04 (dd,J = 9.4, 13.6 Hz, 1 H), 3.223.28 (m, 1 H), 3.86
for 15 min. The solvents were removed by evaporation. The 3.94 (m, 2 H), 3.87 (s, 1 H), 3.90 (s, 3 H), 4:04.09 (m, 1
residue was suspended in aqueousQ (15 mL, 2 M) H), 6.77-6.88 (m, 1 H), 6.9%7.11 (m, 4 H), 7.1#7.48
and extracted three times with DCM (15 mL). The combined (m, 5 H), 7.72-7.81 (m, 1 H), 7.948.01 (m, 1 H), 8.04
organic phases were dried, filtered, and evaporated. The8.10 (m, 1 H), 8.448.49 (m, 1 H).
resulting primary amine was used without further purification ~ 11{1}. Procedure B, 72% yield*H NMR (400 MHz,
and dissolved in DMF (2 mL). The carboxylic acid{(— CDCl3;, CD3OD 3:1)6 0.53-0.66 (m, 6 H), 0.9%+1.28 (m,
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6 H), 1.4%-1.52 (m, 1 H), 1.52-1.65 (m, 4 H), 1.651.77
(m, 1 H), 2.43-2.78 (m, 4 H), 2.823.00 (m, 2 H), 3.13
3.21 (m, 1 H), 3.493.59 (m, 1 H), 3.59-3.67 (m, 1 H),
3.75-3.83 (m, 1 H), 6.786.86 (m, 1 H), 6.96-7.10 (m, 8
H), 7.11-7.19 (m, 1 H), 7.257.33 (m, 1 H), 7.33-7.44
(m, 1 H), 7.58-7.66 (m, 1 H).

9 8}. A 0.5-mL Smith vial was charged with §5S6R)-
3-aza-2-p-bromobenzyl)-5-hydroxy-7-phenyl-6-[(picoly-
valinyl)amino]-heptanoyl amide7( 34 mg, 56 umol),
Pd(PPR).Cl, (3 mg, 4.3umoal), and cyclopentyl zink bromide
(0.5 M in THF, 1 mL, 0.5 mmol) and irradiated in a Smith
synthesizer for 20 min at 16 2° The contents of the vial
were filtered through a Celite plug that was washed out with

methanol. The filtrate was evaporated, and the residue was

purified by column chromatography (mobile phase DCM/
MeOH 39:1— 9:1) to give the produc®{ 8} (3 mg, 9%) as

a white powder!H NMR (400 MHz, CDC}, CD;OD 3:1)

0 0.66 (d,J = 6.8 Hz, 3 H), 0.77 (dJ = 6.8 Hz, 3 H),
1.37-1.52 (m, 2 H), 1.53-1.65 (m, 2 H), 1.651.77 (m, 2
H), 1.89-2.06 (m, 3 H), 2.73-2.96 (m, 6 H), 3.03 (dd]) =
9.5, 12.3 Hz, 1 H), 3.24 (ddl = 4.8, 13.6 Hz, 1 H), 3.99
4.19 (m, 3 H), 6.9%6.99 (m, 1 H), 7.03-7.18 (m, 8 H),
7.59-7.66 (m, 1 H), 8.028.10 (m, 1 H), 8.258.32 (m, 1
H), 8.60-8.67 (m, 1 H).
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