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Introduction

Over nearly 20 years of aspartyl protease research, a plethora
of inhibitors has been developed to prevent the catalytic activ-
ity of enzymes of this class.[1] Most drug-development projects
intended the design of peptidomimetics that substitute the
substrate’s peptide cleavage site by a suitable transition-state
isostere.[2] The first generation of such substrate analogue in-
hibitors failed as drug candidates due to limited oral bioavaila-
bility as a consequence of overly high molecular weight or
overly pronounced reminiscence to an unfavourable peptidic
character.[3] Experience has shown that the success of such
peptidomimetic concepts depends significantly on the aspartyl
protease selected as drug target. For instance, the discovery of
highly potent and orally available drugs for HIV protease was
much easier and faster to accomplish compared with renin.
This can be rationalized either historically or scientifically. Once
the crystal structure of the HIV protease was solved in 1989
disclosing its membership to the aspartyl protease family, the
entire experience and knowledge collected in former renin

projects fuelled the development of novel HIV protease inhibi-
tors.[4] Furthermore, in contrast to renin, HIV protease recogniz-
es a much smaller peptide sequence through a limited
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At present nine FDA-approved HIV protease inhibitors have been
launched to market, however rapid drug resistance arising under
antiviral therapy calls upon novel concepts. Possible strategies
are the development of ligands with less peptide-like character or
the stabilization of a new and unexpected binding-competent
conformation of the protein through a novel ligand-binding
mode. Our rational design of pyrrolidinedimethylene diamines
was inspired by the idea to incorporate key structural elements
from classical peptidomimetics with a non-peptidic heterocyclic
core comprising an endocyclic amino function to address the cat-
alytic aspartic acid side chains of Asp25 and 25’. The basic scaf-
folds were decorated by side chains already optimized for the
recognition pockets of HIV protease or cathepsin D. A multistep
synthesis has been established to produce the central heterocycle
and to give flexible access to side chain decorations. Depending
on the substitution pattern of the pyrrolidine moiety, single-digit
micromolar inhibition of HIV-1 protease and cathepsin D has
been achieved. Successful design is suggested in agreement with
our modelling concepts. The subsequently determined crystal

structure with HIV protease shows that the pyrrolidine moiety
binds as expected to the pivotal position between both aspartic
acid side chains. However, even though the inhibitors have been
equipped symmetrically by polar acceptor groups to address the
flap water molecule, it is repelled from the complex, and only
one direct hydrogen bond is formed to the flap. A strong distor-
tion of the flap region is detected, leading to a novel hydrogen
bond which cross-links the flap loops. Furthermore, the inhibitor
addresses only three of the four available recognition pockets. It
achieves only an incomplete desolvation compared with the simi-
larly decorated amprenavir. Taking these considerations into ac-
count it is surprising that the produced pyrrolidine derivatives
achieve micromolar inhibition and it suggests extraordinary po-
tency of the new compound class. Most likely, the protonated
pyrrolidine moiety experiences strong enthalpic interactions with
the enzyme through the formation of two salt bridges to the as-
partic acid side chains. This might provide challenging opportuni-
ties to combat resistance of the rapidly mutating virus.
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number of tightly binding specificity pockets on both sides of
the cleavage site. This fact provided the opportunity to design
inhibitors of lower molecular weight and accordingly, more fa-
vourable pharmacokinetic properties.[5] Although at present
nine FDA-approved HIV protease inhibitors have been success-
fully launched to market, the research for novel inhibitors has
not, and most likely will not, come to a final conclusion.[6,7]

This is mainly due to the fact that rapid drug resistance arises
under antiviral therapy caused by insufficient suppression of
the fast and error-prone replication rate of the HIV virus.[8] One
concept to break drug resistance has been suggested through
the development of ligands with less peptide-like character.
This strategy has been successfully achieved with the novel
HIV protease inhibitor tipranavir (1, Figure 1).[9] An alternative
idea is aimed at stabilizing a novel unexpected binding-com-

petent conformation of the protein or selecting a new ligand
binding mode. The latter has been successfully accomplished
by the piperidine-type inhibitor 2, discovered by Roche as
potent renin inhibitor (Figure 1).[10,11] Furthermore, elaborated
thermodynamic studies performed by Freire et al.[12] have dem-
onstrated that the virus less readily escapes inhibitors through
successful mutagenesis if the binding of the inhibitors is pro-
nouncedly enthalpy-driven. In consequence, it appears advisa-
ble to equip novel types of HIV inhibitors by as many pro-
nounced enthalpic interaction features as possible.
Tipranavir (1) was described in 1999 by Thaisrivongs and

Strohbach as a novel, potent, orally bioavailable heterocyclic
HIV protease inhibitor with activity against selected mutants.[9]

It addresses, similarly to a peptide substrate, the subpockets S2
to S3’, and accordingly it comprises five different side chains P2
to P3’ and gains an additional entropic contribution by replac-
ing the structural water molecule (“flap water”) in the HIV pro-
tease binding pocket. The carbonyl function of the heterocyclic
5,6-dihydropyran-2-one moiety interacts directly via hydrogen
bonds with the backbone NH groups of Ile50 and 50’ in the
flap loops. A precursor of 2 showing a similar piperidine
moiety was discovered as a screening hit by Hoffmann-La

Roche.[10,11] In the following, these substituted piperidines were
developed as a new structural entity for renin inhibitors bear-
ing as a key element the most likely protonated endocyclic
amine. It occupies the pivotal position between both catalytic
aspartic acid side chains, thus forming two enthalpically fa-
vourable ionic hydrogen bonds. In addition, 2 stabilizes renin
in a conformation previously not yet observed and accommo-
dates the inhibitor in a novel unexpected binding mode. How-
ever, this new binding-competent enzyme conformation is well
in agreement with opportunistic conformational transitions re-
quired for the flap opening to give the substrate access to the
active site. Very recently a novel structure has been reported
on a plasmepsin-II complex exhibiting a very similar enzyme
conformation with open flap geometry.[13] Interestingly
enough, this inhibitor does not form a direct interaction to

both aspartate groups through one of its function-
al groups. Instead, such a contact is mediated
through an active site water molecule trapped be-
tween the inhibitor and catalytic aspartic acid side
chains at the likely position of the water taking
the role of the nucleophile during the enzymatic
cleavage reaction.
Our rational design of pyrrolidinedimethylene

diamines described herein was inspired by the
idea to incorporate key structural elements from
classical peptidomimetics with a non-peptidic het-
erocyclic core structure comprising an endocyclic
amino function to address the catalytic aspartic
acid side chains. Figure 2 illustrates schematically
the structural consideration for the design of our
novel prototype inhibitors. The concept departs
from the crystal structures of HIV protease and
cathepsin D with the bound peptidomimetic pep-
statin (3). The hydroxy group of the latter, incor-
porated into a statine moiety, interacts through

hydrogen bonds with both catalytic aspartic acid side chains.
Furthermore, important hydrogen bonds are formed by both
amide carbonyl groups on either side of the cleavage site.
They interact through the flap water molecule in the active
site of HIV protease with the NH groups of Ile50 and Ile50’ or
directly with the nitrogen atoms of Gly79 and Asp80 of the
cathepsin D backbone.[14,15] To assess whether the pyrrolidine-
dimethylene diamines exhibit a valid new lead structure, the
central pyrrolidine core was decorated by already optimized
side chains derived from the HIV protease inhibitor amprenavir
(4) and cathepsin D inhibitor 5.[16,17]

In summary, the pyrrolidinedimethylene diamines were de-
signed to fulfil the following five requirements:

1. an endocyclic amine such as pyrrolidine with a protonated
nitrogen atom, which addresses the two catalytic aspartic
acid side chains;

2. two carbonyl or sulfone groups as hydrogen-bond accep-
tors to form hydrogen bonds either to the flap water mole-
cule (HIV protease) or the NH groups of Gly79 and Asp80
of the cathepsin D backbone;

Figure 1. Structures of tipranavir (1), an HIV-1 protease inhibitor (IC50=30 nm) and the
piperidine derivative 2, a renin inhibitor (IC50=0.06 nm). In each case, binding-site inter-
actions are highlighted.
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3. decoration of the pyrrolidine core with four already estab-
lished side chain decorations P2–P2’ accommodating the S2–
S2’ pockets of each protease;

4. linkage between P2–P1 and P1’–P2’ fragments by amide or
sulfonamide bonds;

5. stereochemical trans configuration at the pyrrolidine core
moiety to achieve an orientation of the P2, P1 and P1’, P2’
decorations analogous to the peptide backbone conforma-
tion of pepstatin.

Results and Discussion

Chemical synthesis

Scheme 1 illustrates the synthesis of aldehyde 9. Reaction of
N-benzylglycine with paraformaldehyde resulted in the forma-
tion of an azomethine ylide as dienophile, which was convert-
ed with diethyl fumarate as the dipolarophile in a 1,3-dipolar
cycloaddition into the pyrrolidine core structure. Decarboxyla-
tion provided 6 as pyrrolidine scaffold, exhibiting trans-substi-
tuted diethylester functions. Reductive cleavage of the benzyl
group furnished a free amino function, which was protected
with a Boc group to 7. Reduction of the diethylester with LiBH4
afforded a diol which was converted into 8 by protection of
only one alcohol group with TBSCl. Swern oxidation revealed
the aldehyde 9.[18]

Scheme 2 describes the decoration of the pyrrolidine scaf-
fold to produce 13. Synthesis commenced with a reductive
amination of 9 using benzylamine and Me4NBH(OAc)3 followed
by acid extraction with 1n HCl that resulted in the deprotec-
tion of the alcohol function to form 10.[19] Coupling with 2,6-di-
methylphenoxycarboxylic acid and subsequent Swern oxida-
tion of the alcohol accomplished 11.[18] After reductive amina-
tion with isobutylamine as described above, 12 was coupled
with benzenesulfonyl chloride. Deprotection with HCl/dioxane

Scheme 1. Synthesis of aldehyde 9 as initial building block: a) (CH2O)n, 78%;
b) H2, Pd/C, 98%; c) TEA, Boc2O, 95%; d) LiBH4, THF, 84%; e) imidazole, TBSCl,
90%; f) (COCl)2, DMSO, DIPEA, 98%. Boc= tert-butoxycarbonyl, DIPEA=N,N-
diisopropylethylamine, TBSCl= tert-butyldimethylsilyl chloride, TEA= triethyl-
amine.

Figure 2. Rational design strategy leading to pyrrolidinedimethylene diamines: a) hydrogen bonds of pepstatin (3) in the active site of HIV-1 protease; b) hy-
drogen bonds of pepstatin (3) in the active site of cathepsin D; c) general pyrrolidinedimethylene diamine structure; d) HIV-1 protease inhibitor amprenavir
(Ki=0.6nm) ; e) cathepsin D inhibitor 5 (Ki=0.7nm).
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yielded the pyrrolidinedimethylene diamine 13 as final prod-
uct. The very similar synthesis of 16–17, starting from the pyr-
rolidine scaffold 10, will be described explicitly elsewhere.[20]

Biological evaluation

Racemic mixtures of compounds
13–17 were tested against HIV
protease. Inhibition constants
were determined using a stan-
dard assay.[21,22] The initial rate of
enzymatic cleavage of the syn-
thetic fluorophore-labelled sub-
strates Abz-Thr-Ile-Nle-(p-nitro)-
Phe-Gln-Arg-NH2 for HIV pro-
tease and (MOCAc)-GKPILFFRLK-
(Dnp)-NH2 for cathepsin D was
measured in the presence of
varying concentrations of inhibi-
tors 13–17 (see Materials and
Methods). IC50 values are given
in Table 1.
All compounds in the series

were decorated by an N-benzyl
moiety (R2) planned to address
the S1 subsite. Variations were
achieved in all remaining posi-
tions. Clearly single-digit micro-
molar inhibition is achieved
against HIV protease once a sul-
fonamide group is present,
whereas higher-affinity binding

towards cathepsin D is experi-
enced if both H-bond acceptor
sites are formed by amide func-
tions. In the series 13–15, attach-
ment of a p-amino group on R4

results in nearly identical binding
affinity compared with the un-
substituted derivative. Expansion
of the phenyl moiety by a hydro-
phobic methyl group in the para
position parallels a loss in affinity
by one order of magnitude. Sup-
posedly, a similar spatial restric-
tion of the accommodated sub-
site in HIV protease is also expe-
rienced by 16 and 17 with steri-
cally bulkier R4 groups. For cath-
epsin D, R4 groups of increasing
steric demand appear beneficial
for binding. Furthermore, the
subsite addressed by the R3 sub-
stituent seems to be larger in
cathepsin D compared with HIV
protease, as higher affinity is
achieved by the ligand exhibit-

ing a dichlorophenethyl portion at this position compared
with an isobutyl group in 13–15, which show more potency
towards HIV protease. The deviating substituents R1 selected
as optimally suited for either HIV protease or cathepsin D are

Table 1. Inhibition of HIV-1 protease and cathepsin D by compounds 13–17.

Compd R1 R3 R4 X HIV-1 protease
IC50 [mm]

Cathepsin D
IC50 [mm]

13 S=O 2.2 >40

14 S=O 3.3 >40

15 S=O 12.1 >40

16 C 19.8 1.05

17 C 22.1 0.57

Scheme 2. Functionalization of the pyrrolidine core with residues optimized for HIV-1 protease: a) (OAc)3BHNMe4,
HCl (1n), 75%; b) with EDC, HOBT; c) (COCl)2, DMSO, DIPA, 68% for steps b) and c); d) with (OAc)3BHNMe4, 75%;
e) with TEA; f) HCl (4n) in dioxane, 85% for steps e) and f). DIPA=diisopropylamine, EDC=3-(3-dimethylamino-
propyl)-1-ethylcarbodiimide, HOBT=1-hydroxy-1H-benzotriazole.

ChemMedChem 2006, 1, 106 – 117 ; 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 109

Pyrrolidine-Based Aspartyl Protease Inhibitors

www.chemmedchem.org


of similar steric bulk; however, the portion better suited for
cathepsin D has been decorated by bromine and two methoxy
groups. Clearly, the site in cathepsin D hosting the R1 substitu-
ent is of slightly higher polar character.
A more conclusive discussion of the indicated structure–ac-

tivity relationship requires further details about the adopted
binding modes of 13–17 in both target enzymes.

Modelling studies

To obtain a first insight into the putatively adopted binding
mode at the active site of HIV protease, docking was per-
formed with AutoDock.[23,24] As potential fields in AutoDock,
knowledge-based potentials from DrugScore were used.[25, 26]

As reference coordinates for docking, the crystal structure of
HIV protease with bound amprenavir (PDB code: 1HPV) was
considered.[16]

As the first target compound, both enantiomers of the best
binding inhibitor 13 were selected and docked into the crystal
structure of the HIV protease–amprenavir complex. In our
docking study, we considered the structural water next to the
flap and anticipated that it would mediate hydrogen bonds to
both Ile50NH groups in the flap. For both enantiomers, a bind-
ing mode placing the pyrrolidine nitrogen atom well between
both aspartate groups was suggested. Furthermore, occupa-
tion of the subsites P2, P1, P1’, and P2’ in a manner similar to
that of amprenavir could be achieved. However, only the
amide carbonyl group was involved in hydrogen-bond forma-
tion to Ile50NH, whereas the SO2 group remained unsatisfied.
Overall, a rather crowded arrangement next to the catalytic
centre was noticed. With respect to both enantiomers, docking
of (S,S)-13 achieved the better scoring with DrugScore; for the
inverted (R,R) stereoisomer, the solution suggested by docking
received a lower score.

Crystal structure analysis

Subsequent to our modelling study, we successfully obtained
well-diffracting crystals with bound 13. They were grown from
a solution in the presence of a racemic mixture of the inhibitor.
Data collection details and refinement statistics are given in
Table 2. With respect to our initial design concept and in
agreement with our docking attempts, the central pyrrolidine
moiety is found at the pivotal position between both catalytic
aspartate groups (Figure 3). As expected, the endocyclic amino
group of the pyrrolidine is a perfect substitute for the hydroxy
group in the classical transition-state analogues. However,
apart from this successful prediction, significant deviations
from our proposed docking modes are observed in the experi-
mentally determined structure.
Instead of the predicted S,S enantiomer, (R,R)-13 is bound to

the protein. The design concept was aimed at decorating the
central skeleton with side chains already optimized for other
well-established HIV protease inhibitors such as amprenavir.
However, the determined binding mode does not show this
anticipated correspondence. Most important, the structural
flap water is replaced from the complex, and the inhibitor

forms a direct hydrogen bond to the backbone NH group of
Ile50 through one of its sulfoxy oxygen atoms (Figure 3). The
second acceptor functionality, the carbonyl oxygen atom of
the amide group, introduced into the ligand to serve as
second binding partner to the flap water, remains unsatisfied
without forming any further polar contacts to the enzyme. Pos-
sibly provoked by the lack of a suitable hydrogen-bonding
partner of the ligand and assisted by some sterically induced
conformational distortions, the NH backbone functionality of
Ile50’ forms a hydrogen-bonding contact to the carbonyl
group of the amide bond of Ile50. This additional connection
across both flap loops supposedly stabilizes the dimer in the
flap region (Figure 3 and 6). It serves as a sort of surrogate for
the abandoned contact originally formed through the bridging
structural water molecule, which is no longer observed in the
complex with (R,R)-13. This unusual geometry of the flap paral-
lels a significant distortion (up to 4.9 O) of the polymer chain
compared, for example, with the complex formed with ampre-
navir. As mentioned, the anticipated decoration of 13 did not
result in the expected occupancy of the specificity pockets S2,
S1, S1’, and S2’. Compared with amprenavir, an overall rotated
arrangement of the inhibitor is observed (Figure 4). An approx-

Table 2. Data collection and refinement statistics of the (R,R)-13–HIV-1
protease crystal structure.

Feature Data

resolution [O] 20–1.5
space group P212121

cell dimensions [O]
a=51.9
b=57.7
c=62.2

highest resolution shell [O] 1.53–1.5
no. measured reflections 109029
no. independent reflections 29849
completeness [%] 97.5 [77.3][a]

I/s 18.6 [1.6][a]

Rsym [%] 6.3 [54.0][a]

refined residues 198
refined ligand atoms 41
refined water molecules 190
refined glycerol molecules 2
refined Cl atoms 2
resolution in refinement [O] 8–1.5
Rcryst (F>4 s Fo ; Fo) 16.7; 18.1
Rfree (F>4 s Fo ; Fo) 22.0; 23.6

mean B-factor [O2]
16.7 (chain A)
19.0 (chain B)

main chain [O2]
13.1 (chain A)
15.8 (chain B)

side chains [O2]
20.6 (chain A)
22.5 (chain B)

ligand [O2] 33.0
water [O2] 29.0
glycerol [O2] 52.8
Cl ions [O2] 20.2

Ramachandran plot:
most favored geometry [%] 94.9
additionally allowed [%] 5.1
generously allowed [%] 0
disallowed [%] 0

[a] Values in square brackets refer to the shell of highest resolution.
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imate correspondence in the occupation of S1 and S2’ can be
assigned with respect to the isobutyl group of 13 and the
benzyl moiety of amprenavir in S1, and the phenyl sulfonamide
substituents of both inhibitors hosted in S2’. The remaining
two decorations of 13, the N-benzyl and dimethylphenoxy
group are clustered together and occupy the S1’ pocket, sug-
gesting a sort of overcrowding (Figure 4, 5). The dimethylphe-
noxy group penetrates into the bordering solvent environ-
ment. As it approaches the flap loop rather closely, it possibly
perturbs its orientation (Figure 6). Interestingly enough, the S2
pocket remains virtually unoccupied; the N-benzyl substituent
of 13 only slightly penetrates into this subsite (Figure 4, 5).
Directly facing the ligand surface portions that get buried

upon complex formation reveals a 95% burial for amprenavir,
whereas 13 is only at 85% in surface contact with the enzyme
(Figure 5, 6). The complexes with amprenavir and 13 crystallize
in different space groups. However, structural comparison with
other complexes found in either space groups does not indi-
cate any correlations between distortions of the flap region
and crystal packing. Thus, it appears rather unlikely that the
crystallographic environment has a significant impact on the
flap perturbations observed in 13. Accordingly, it can be as-
sumed that the unexpected and distorted binding mode is
clearly induced by the properties of the bound ligand. In this
context it is of interest whether similar distortions have already
been observed in any other HIV protease complexes. To per-
form such analysis across a representative data set of com-
plexes, we applied Cavbase, a new approach developed in our
laboratory, to compare binding pockets.[27,28] Cavbase mutually
faces binding pockets in terms of matching physicochemical

Figure 3. (R,R)-13 (shown with solvent accessible surface, green) binds with
its central pyrrolidine moiety at the pivotal position between both catalytic
aspartate groups Asp25 and 25’ (blue) of the protease (grey, yellow surface).
It is a perfect substitute for the hydroxy group in the classical transition-
state analogues. The structural flap water molecule is expelled from the
complex and (R,R)-13 forms a direct hydrogen bond to the backbone NH
group of Ile50 (blue) through one of the sulfoxy oxygen atoms. The second
acceptor functionality, the carbonyl oxygen atom of the amide group, origi-
nally introduced to serve as second H-bonding group for the flap region, re-
mains unbound without forming any further polar contacts to the enzyme.
As a consequence of the sterically induced conformational distortions of the
flap, the NH backbone functionality of Ile50’ forms a hydrogen-bonding
contact to the carbonyl group of the amide bond of Ile50.

Figure 4. Compared with amprenavir, (R,R)-13 adopts a deviating binding
mode resulting in a different occupation of the four specificity pockets S2’
S1’, S1, and S2. An approximate correspondence in occupation of S1 and S2’
can be assigned to the isobutyl group of 13 and the benzyl moiety of 4 in
S1, and the phenyl sulfonamide substituents of both inhibitors hosted in S2’.
The remaining two decorations of 13, the N-benzyl and dimethylphenoxy
groups, are clustered together and occupy the S1’ pocket. In the case of 4
this pocket is filled by the isobutyl group linked to the sulfonamide nitrogen
atom (below, left). The S2 pocket hosting the tetrahydrofuran moiety in 4
remains virtually unoccupied in the complex with 13 (below, right).

Figure 5. Binding mode of 13 shown together with solvent accessible sur-
face (protein, yellow; 13, green). The bulky terminal 2,6-dimethylphenoxy
group exceeds beyond the S1’ binding pocket into the adjacent solvent
environment.
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properties exposed to the cavity surface. The idea of this ap-
proach is that protein function is intimately connected with
the recognition of endogenous ligands in well-characterized
clefts or cavities on the protein surface. Accordingly, similar
function requires similarity in the shape of such binding pock-
ets. The amino acids flanking the cavities are reduced to a set
of generic pseudocenters representing their recognition prop-
erties. Furthermore their surface exposure is examined and the
surface patches that fall next to each pseudocenter under con-
sideration are used in the comparison as descriptors of the
shape of the cavities. A mutual cavity similarity is discovered
using a clique detection algorithm that searches for maximal
sub-graph matching of exposed pseudocenters. Finally, multi-
ple solutions from this sub-graph matching are scored in terms
of commonly exposed surface patches corresponding to equiv-
alent physicochemical properties.
We applied this approach by taking the binding pocket of

HIV protease in complex with 13 as a reference, and screened
this binding pocket against a set of 135 cavities extracted from
crystal structures of HIV protease complexes deposited in the
Protein Data Bank. In Table 3 the 10 most similar pockets with
respect to 13 are listed. As most similar to our decoy pocket,
an example with a bound ligand of the cyclic urea-type has
been matched. The latter inhibitor repels the flap water mole-
cule in a manner similar to 13. However, the complex formed
does not exhibit similar flap distortions. Supposedly, the de-
scribed complex with 13 represents a novel binding mode
which leaves one binding pocket unoccupied and provokes a
distortion of the flap loops previously not yet observed to a
similar extent.
For comparison we selected the binding pocket of HIV pro-

tease in complex with the hydroxyethylene sulfone-based in-
hibitor 18 (Table 4) for which we recently determined the crys-
tal structure.[29] This inhibitor binds to the enzyme without pro-
nounced distortions, and its interactions are mediated through

the flap water molecule to the protein. Taking the pocket of
this complex as a probe cavity for our search against the 135
HIV protease entries with Cavbase revealed the complexes
listed in Table 4 as the most similar examples. With respect to

the pocket of 18, significantly better similarity scores are calcu-
lated and a higher portion of corresponding pseudocenters
are matched compared with the cavity extracted from the
complex with 13. This fact clearly indicates that the geometry
of the complex with 18 is by far better in accordance with the
usually detected architecture found for HIV protease inhibitor
complexes.

Conclusions

A novel skeleton to address the pivotal position between the
catalytic dyad of aspartyl proteases has been designed and in-
corporated into potent inhibitors. The central building block is

Figure 6. The bulky 2,6-dimethylphenoxy group of 13 penetrates into the S1’
pocket and the adjacent solvent environment, simultaneously pushing one
of the flap regions into a distorted conformation. The inhibitor forms one
direct hydrogen bond to the backbone NH group of Ile50 (blue, left) where-
as the peptide bond to Ile50’ (blue, right) is rotated and forms a hydrogen
bond (green) to the neighbouring flap loop.

Table 3. The 10 binding pockets in HIV-1 protease complexes scored by
Cavbase as most similar with the binding pocket in the complex with 13.

PDB Code Score No. Corresponding
Pseudocenters

RMS
Deviations [O]

1AJX[36] 36.44 41 0.59
1K6C[37] 36.33 40 0.88
1CPI[38] 36.31 40 0.50
1K6T[37] 35.77 40 0.66
1HSG[39] 35.75 41 0.78
1K6P[37] 35.59 40 0.72
1YTH[40] 35.53 39 0.44
1MTR[41] 35.48 39 0.74
1DAZ[42] 35.42 39 0.54
1YTG[40] 35.04 39 0.51

Table 4. The 10 binding pockets in HIV-1 protease complexes scored by
Cavbase as most similar with the binding pocket in the complex with 18.

PDB Code Score No. Corresponding
Pseudocenters

RMS
Deviations [O]

1HSG[39] 53.26 56 0.51
1G35[43] 51.84 55 0.43
4PHV[44] 49.41 53 0.51
1FFI[45] 48.83 52 0.52
2BPY[46] 48.76 53 0.52
4HVP[47] 48.72 53 0.60
2BPZ[46] 48.50 53 0.53
1FG6[45] 48.43 51 0.41
1HVJ[48] 48.06 52 0.60
1FEJ[45] 47.41 51 0.49
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formed by a pyrrolidine moiety which has been decorated by
side chains transferred from other ligands known as potent in-
hibitors of this protein family. A multistep synthesis has been
developed and conceived in a way to give flexible access to
multiple decorations. Determination of the inhibitory potency
of individual members of the series reveals single-digit micro-
molar binding to HIV protease or cathepsin D. So far, successful
design is suggested and agreement with the modelling con-
cept appears to be given. However, this view has to be revised
to some extent, consulting the subsequently determined crys-
tal structure with HIV protease. The pyrrolidine moiety binds
as expected, proving this portion as a novel privileged scaffold
to address the family of aspartyl proteases. Although the inhib-
itor has been equipped symmetrically by polar acceptor
groups to address the flap water molecule, this group is repel-
led from the complex, and only one direct hydrogen bond is
formed to the flap loop. A strong and obviously not yet ob-
served distortion of the flap region is detected which leads to
a novel cross-linking hydrogen bond that fixes both flap loops.
Furthermore, the inhibitor addresses only three of the four
available binding pockets and achieves only an incomplete
desolvation compared with the similarly decorated amprenavir.
It has to be admitted that the binding mode found by crystal-
lography was unexpected; nevertheless, a novel potent class
of inhibitors has been discovered. In our initial docking at-
tempts, we failed to predict the correct binding mode and we
initially picked the wrong stereoisomer as the more potent.
However, in this analysis we did not consider the possibility of
repelling the water from the binding site nor any strong distor-
tions of the flaps. Retrospectively, under these assumptions,
we cannot expect that the docking could have suggested the
correct binding mode. Nevertheless, this unexpected result
points to cautious ligand design and also underlines the value
of crystallography in the drug discovery process. Without the
latter method, the false assumptions would have never been
detected. Most likely further design and synthesis would have
converged after an elaborate and tedious structure–activity re-
lationship in some non-conclusive correlations, indicating the
unexpected binding mode. This clearly points either to some
inherent limitations in design and modelling but equally well
to the necessity to involve crystallography early on in drug dis-
covery projects.
The detected binding mode of 13 does not suggest optimal

ligand accommodation. The observed flap loop distortions
appear costly. The incomplete desolvation of the ligand is
most likely detrimental to high-affinity binding. Furthermore,
the inhibitor leaves one subsite virtually unoccupied. Experi-
ence shows that such mismatch is rather expensive in terms of
binding affinity. Taking these considerations together it ap-
pears surprising that 13 still achieves micromolar inhibition
and suggests the extraordinary potency of the new compound
class. Most likely, the protonated pyrrolidine moiety experien-
ces strong enthalpic interactions with the enzyme through the
formation of two salt bridges to the aspartic acid side chains.
This might provide challenging opportunities to combat resis-
tance of the rapidly mutating virus. As indicted by recent ther-
modynamic studies of Freire and co-workers, inhibitors binding

in an enthalpy-driven manner to the protease achieve im-
proved resistance profiles compared with entropically favoured
binders.[12] Possibly this enthalpic advantage can be exploited
systematically by correctly substituted pyrrolidines.

Experimental Section

Kinetic assays: Binding constants for inhibition of HIV pro-
tease were determined as previously described.[21] IC50 values
were taken from plots of Vi/V0 versus inhibitor concentration,
in which Vi is the velocity in presence, and V0 the velocity in
the absence of an inhibitor. The fluorogenic substrate Abz-Thr-
Ile-Nle-(p-nitro)-Phe-Gln-Arg-NH2 was purchased from Bachem.
Recombinant HIV-1 protease was expressed from Escherichia
coli and purified as previously described.[30] Enzymatic assays
were performed in 402.2 mL assay buffer (100 mm MES,
300 mm KCl, 5 mm EDTA, 1 mgmL�1 BSA, pH 5.5) by the addi-
tion of substrate dissolved in 8.4 mL DMSO, distinct inhibitor
concentrations dissolved in 8.4 mL DMSO and 1 mL HIV-1 pro-
tease to a final volume of 420 mL (final DMSO concentration
4%). The hydrolysis of the substrate was recorded as the in-
crease in fluorescence intensity (excitation wavelength 337 nm,
emission wavelength 410 nm) over a time period of 10 min,
during which the signal increased linearly with time.
The cathepsin D assay was measured using a fluorogenic

peptide substrate (MOCAc)-GKPILFFRLK(Dnp)-NH2 which con-
tains a (7-methoxycoumarin-4-yl)acetyl group (MOCAc) as a fluo-
rophore and a lysine-bound Ne-(2,4-dinitrophenyl) group (Dnp)
as a quencher in the same molecule. The fluorescent signal in
the uncleaved substrate is quenched due to fluorescence reso-
nance energy transfer (FRET) between fluorophore and
quencher groups.[22] The activity of cathepsin D (10 ngmL�1)
can be continuously monitored by the increase in fluorescence
during substrate cleavage. The assay was performed in 100 mL
assay buffer (40 mm NaAc solution, 0.01% Brij 35, pH 4.0) by
the addition of 12.5 mm substrate and distinct inhibitor concen-
trations using Opti-plates 96. The hydrolysis of the substrate
was recorded as the increase in fluorescence intensity (excita-
tion wavelength 320 nm, emission wavelength 405 nm) over a
time period of 25 min.

Crystallisation and structure determination: The HIV pro-
tease (7 mgmL�1) in complex with the pyrrolidinemethylene
diamine 13 crystallizes at 18 8C in 3m NaCl, 0.1m BisTris, pH 6.5
in space group P212121 (crystal data, Table 2). The crystals were
obtained by co-crystallization of the enzyme with the inhibitor
at 1.9 mmolL�1. For cryoprotection the crystals were briefly
soaked in mother liquor containing 20% glycerol. The data set
was collected at the synchrotron BESSY II in Berlin on PSF
beamline I equipped with a MAR-CCD detector. 100 frames
with df=0.58 at a crystal to detector distance of 100 mm
were collected at �170 8C. Data were processed and scaled
with Denzo and Scalepack.[31] The structure was determined by
the molecular replacement method implemented in AmoRe.[32]

The 1.85 O structure of HIV-1 protease in complex with a mac-
rocyclic inhibitor (PDB code: 1B6N)[33] was used as a search
model. Refinement was continued using SHELXL-97;[34] for each
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refinement step at least 10 cycles of conjugate gradient mini-
misation were performed, with restraints on bond distances,
angles, and B-values. Intermittent cycles of model building
were done with the program O.[35] The coordinates have been
deposited in the PDB (http://www.rcsb.org/pdb/) with access
code 1XL2.

Spectroscopy and Analytics: 1H and 13C NMR spectra were re-
corded on a Jeol Eclipse +500 MHz instrument, using
[D6]DMSO or CDCl3 as solvents with TMS as internal standard.
Chemical shifts are given in ppm (d scale). Reactions were
monitored by thin-layer chromatography (TLC) on precoated
Alugram SIL G/UV plates from Macherey–Nagel, and spots
were visualized with UV light (254 nm) or coloured with a solu-
tion of 6 g molybdatophosphoric acid, 2.5 g cer(iv)sulfate,
470 mL water, 30 mL concentrated H2SO4. Flash column chro-
matography was performed using silica gel (particle size
0.040–0.063 mm) supplied by Merck. THF was freshly distilled
from LiAlH4 under argon. Triethylamine, N,N-dimethylforma-
mide (DMF), and dichloromethane were purchased from Al-
drich and used without further purification. High resolution
mass spectra (HRMS: EI and ESI) were performed with either a
Micromass 7070 H or Micromass Autospec spectrometer. Ele-
mental analyses were performed on a Charmhomat 5-ADG
from Wçsthoff or HP-185. The HIV-1 protease assay was per-
formed on a RF-5301 PC spectrofluorophotometer from Shi-
madzu and the cathepsin D assay was measured on a POLAR-
star spectrofluorophotometer from BMGLabtech.

Synthesis:

rac-(3S,4S)-(1-Benzyl-pyrrolidine-3,4-dicarboxylic acid diethylester
(6): N-Benzyl-glycine (150 g, 907 mmol), diethyl fumarate
(159.5 g, 926 mmol), and paraformaldehyde (32.7 g, 1.1 mol)
were suspended in 1.3 L toluene and heated at reflux with a
Dean–Stark trap. After 1 h the solution was filtered, concentrat-
ed in vacuo, and then distilled at 159 8C (0.9 mbar) to give 6
(214 g, 702 mmol, 78%) as a colorless oil. 1H NMR (500 MHz,
CDCl3): d=1.23 (t, J=7.2 Hz, 6H), 2.79 (dd, J=9.3, 6.1 Hz, 2H),
2.89 (dd, J=8.5, J=7.8, 2H), 3.44 (m, 2H), 3.59 (s, 2H), 4.13 (d,
J=7.0 Hz, 4H), 7.25 ppm (m, 5H). 13C NMR (125 MHz, CDCl3):
d=14.1, 45.4, 56.5, 59.2, 60.8, 126.9, 128.1, 128.3, 138.3,
173.3 ppm. HRMS (EI) m/z C17H23NO4 [MH

+] calcd. : 305.1627;
found: 305.1625. Anal. calcd. for C17H23NO4: C 66.86, H 7.59, N
4.59; found: C 67.16, H 7.45, N 4.77.

rac-(3S,4S)-(Pyrrolidine-3,4-carboxylic acid diethylester : To a
stirring solution of 6 (5.8 g, 19 mmol) in 20 mL THF containing
Pd/C (10%, 322 mg) H2 was bubbled (1 atm) at room tempera-
ture for 5 h. The reaction mixture was filtered through celite
and concentrated in vacuo to give 4.01 g (98%) as a colorless
oil. 1H NMR (500 MHz, CDCl3): d=1.26 (t, J=7.1 Hz, 6H), 2.14
(m, 1H), 3.01 (m, 2H), 3.28 (m, 4H), 4.17 ppm (d, 4H, J=
7.1 Hz). 13C NMR (125 MHz, CDCl3): d=14.5, 48.4, 52.2, 70.0,
173.9 ppm. HRMS (EI) m/z C10H17NO4 [MH

+] calcd. : 215.1153;
found: 215.1158.
rac-(3S,4S)-Pyrrolidine-1,3,4-tricarboxylic acid 1-tert-butyl ester

3,4-diethyl ester (7): Boc2O (3.77 g, 17.3 mmol) dissolved in
50 mL dioxane was added in one portion to a solution of the

above product (3.71 g, 17.3 mmol) in NaHCO3 (5%, 100 mL)
and dioxane (100 mL). After stirring for 3 h at room tempera-
ture, the solution was neutralized with 2n HCl to pH 7. The re-
action mixture was extracted with Et2O (3R300 mL). The com-
bined organic layers were dried (MgSO4) and evaporated to
give 7 (5.22 g, 96%) as a white solid. 1H NMR (500 MHz, CDCl3):
d=1.26 (t, J=7.0 Hz, 6H), 1.45 (s, 9H), 3.36 (m, 2H), 3.52 (m,
1H, 3H), 3.78 (m, 3H), 4.20 ppm (d, J=7.1 Hz, 4H). 13C NMR
(125 MHz, CDCl3): d=13.1, 27.4, 44.3, 45.0, 46.9, 47.0, 60.3,
78.8, 152.8, 170.6 ppm. HRMS (EI) m/z C15H25NO6 [MH

+] calcd. :
315.1682; found: 315.1683.
rac-(3S,4S)-3,4-Bis-hydroxymethyl-pyrrolidine-1-carboxylic acid

tert-butyl ester : LiBH4 in THF (12 mL, 2m, 24 mmol) was added
dropwise to a solution of 7 (3.73 g, 11.8 mmol) in THF (100 mL)
at 0 8C. The reaction mixture was allowed to reach room tem-
perature and was stirred for a further 3 h. The solution was
quenched with NaOH (200 mL, 1n) and extracted with Et2O
(3R50 mL). The combined organic layers were dried (MgSO4)
and evaporated to give the diol (2.3 g, 84%) as a yellow solid.
1H NMR (500 MHz, CDCl3): d=1.45 (s, 9H), 2.22 (m, 1H), 3.74
(m, 4H), 3.93 ppm (m, 5H). 13C NMR (125 MHz, CDCl3): d=

28.6, 46.6, 48.4, 64.2, 79.6, 155.9 ppm. HRMS (EI) m/z C11H21NO4

[MH+] calcd. : 231.1471; found: 231.1470.
rac-(3S,4S)-3-(tert-Butyl-dimethyl-silanyloxymethyl)-4-hydroxy-

methyl-pyrrolidine-1-carboxylic acid tert-butyl ester (8): The diol
synthesized above (1.28 g, 5.5 mmol) was then dissolved in
THF (100 mL), cooled to �10 8C, and treated with imidazole
(360 mg, 5.5 mmol). After being stirred for 0.5 h, TBSCl
(825 mg, 5.5 mmol) was added sequentially at �10 8C. The re-
action mixture was added to a solution of water (100 mL) and
brine (100 mL). The aqueous layer was extracted with Et2O (3R
50 mL), and the combined organic layers were washed with a
solution of NaHSO4 (10%, 2R100 mL), saturated NaHCO3 (2R
100 mL), and brine (2R100 mL). The product was dried
(MgSO4), filtered, and concentrated in vacuo. Flash chromatog-
raphy (cyclohexane/EtOAc 1:1) furnished 8 (1.73 g, 90%) as a
colorless oil. 1H NMR (500 MHz, CDCl3): d=0.01 (s, 6H), 0.81 (s,
9H), 1.36 (s, 9H), 2.08 (m, 2H), 2.91 (dd, J=10.9, 8.7 Hz, 1H),
2.91 (m, 1H), 3.44 (dd, J=10.3, 7.7 Hz 1H), 3.47 ppm (m, 5H).
13C NMR (125 MHz, CDCl3): d=�5.4, 18.3, 25.9, 28.6, 45.2, 46.2,
48.4, 48.9, 64.1, 64.7, 79.3, 155.5 ppm. HRMS (ESI) m/z
C17H35NO4Si [MH

+] calcd. : 346.2413; found: 346.2418. Anal.
calcd. for C17H35NO4Si: C 59.09, H 10.18, N 4.05; found: C 58.84,
H 9.83, N 4.48.
rac-(3S,4S)-3-(tert-Butyl-dimethyl-silanyloxymethyl)-4-formyl-

pyrrolidine-1-carboxylic acid tert-butyl ester (9): DMSO (0.84 g,
10.8 mmol, 3 equiv) was added dropwise to a solution of
(COCl)2 (0.68 g, 5.4 mmol, 1.5 equiv) in 50 mL CH2Cl2 at �78 8C
under argon. The reaction mixture was stirred for 0.5 h with
the dropwise addition of 8 (1.24 g, 3.6 mmol) dissolved in
CH2Cl2 (50 mL). The reaction was maintained at �78 8C for
0.5 h followed by the addition of DIPEA (2.2 g, 21.6 mmol,
6 equiv). The reaction was allowed to warm to room tempera-
ture and was washed sequentially with HCl (1n), saturated
NaHCO3, and brine solution. The organic layer was dried
(MgSO4), filtered, and concentrated in vacuo. Column chroma-
tography (cyclohexane/EtOAc 1:1) of the residue provided 9
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(1.2 g, 98%) as a colorless oil. 1H NMR (500 MHz, [D6]DMSO):
d=0.04 (s, 3H), 0.05 (s, 3H), 0.86 (s, 9H), 1.39 (s, 9H), 2.52 (m,
1H), 2.92 (m, 1H), 3.09 (m, 1H), 3.31 (m, 1H), 3.43 (m, 2H), 3.55
(m, 1H), 3.61 (m, 1H), 9.60 ppm (s, 1H). 13C NMR (125 MHz,
[D6]DMSO): d=�5.7, 17.7, 25.6, 27.9, 40.6, 44.4, 47.1, 52.0, 63.3,
78.3, 153.2, 201.7 ppm. Anal. calcd. for C17H33NO4Si: C 59.37, H
9.60, N 4.07; found: C 59.06, H 9.30, N 3.66.
rac-(3R,4S)-3-(Benzylamino-methyl)-4-hydroxymethyl-pyrroli-

dine-1-carboxylic acid tert-butyl ester (10): Benzylamine (280 mg,
3.6 mmol) was added to a solution of 9 (0.9 g, 2.6 mmol) in
100 mL THF at room temperature. The reaction mixture was
then treated with orthoformate (380 mg, 2.6 mmol) and
NMe4BH(OAc)3 (950 mg, 3.6 mmol) at room temperature under
N2 for 12 h. The mixture was quenched by adding saturated
NaHCO3 (100 mL), and the product was extracted with EtOAc
(3R50 mL). The combined organic layers were extracted with
HCl (1n, 3R100 mL) to transform the crude product into a HCl
salt. The combined aqueous layers were saturated with K2CO3

and extracted with EtOAc (3R100 mL). The combined organic
layers were dried (MgSO4), filtered, and concentrated in vacuo
to give 10 (0.63 g, 75%) as a white solid. 1H NMR (500 MHz,
[D6]DMSO): d=1.39 (s, 9H), 1.99 (m, 2H), 2.50 (m, 2H), 2.96 (m,
2H), 3.37 (m, 2H), 3.47 (m, 3H), 3.68 (m, 2H), 7.23 (m, 1H),
7.30 ppm (m, 4H). 13C NMR (125 MHz, [D6]DMSO): d=25.9,
39.5, 42.5, 46.1, 47.7, 48.5, 50.7, 59.9, 75.7, 124.3, 125.6, 125.7,
138.1, 151.2 ppm. Anal. calcd. for C18H28N2O3: C 67.41, H 8.74, N
8.74; found: C 67.20, H 8.50, N 8.77.
rac-(3R,4S)-3-({Benzyl-[2,6-dimethyl-phenoxy)-acetyl]-amino}-

methyl)-4-hydroxy-methyl-pyrrolidine-1-carboxylic acid tert-butyl
ester : A solution of (2,6-dimethyl-phenoxy)acetic acid (240 mg,
1.3 mmol) and 10 (440 mg, 1.3 mmol) in anhydrous THF
(100 mL) was cooled to 0 8C. Hydroxybenzotriazole (136 mg,
1.3 mmol) and EDC (260 mg, 1.3 mmol) were then added se-
quentially. The reaction mixture was stirred for 2 h at 0 8C, then
warmed to 25 8C, and stirred for another 2 h. The organic layer
was quenched with saturated NaHCO3 and washed with brine
solution. After extraction with Et2O (3R50 mL), the combined
organic layers were dried with MgSO4, filtered, and evaporated
in vacuo. The resulting material was subjected to flash silica
gel chromatography, eluted with cyclohexane/EtOAc (1:1) to
afford the product (510 mg, 77%) as a white solid. 1H NMR
(500 MHz, [D6]DMSO): d=1.39 (s, 9H), 1.98 (m, 1H), 2.17 (m,
6H), 2.33 (m, 1H), 3.04 (m, 2H), 3.27 (m, 2H), 3.39 (m, 4H), 5.56
(m, 5H), 6.90 (m, 1H), 6.98 (m, 2H), 7.25 (m, 3H), 7.36 ppm (m,
2H). 13C NMR (125 MHz, [D6]DMSO): d=14.7, 28.8, 39.5, 44.7,
47.3, 50.1, 47.9, 48.4, 50.0, 50.4, 60.3, 71.0, 78.7, 124.6, 127.1,
127.6, 127.9, 128.1, 129.0, 129.3, 129.3, 129.3, 130.8, 137.8,
154.1, 156.2, 168.8 ppm. Anal. calcd. for C28H38N2O5: C 67.68, H
7.94, N 5.80; found: C 67.65, H 7.62, N 5.78.
rac-(3R,4S)-3-({Benzyl-[2,6-dimethyl-phenoxy)-acetyl]-amino}-

methyl)-4-formyl-pyrrolidine-1-carboxylic acid tert-butyl ester (11):
Oxidation of the alcohol described above (310 mg, 0.64 mmol)
with (COCl)2 (120 mg, 1 mmol, 1.5 equiv), DMSO (156 mg,
2 mmol, 3 equiv) and diisopropylamine (390 mg, 3.8 mmol,
6 equiv) as described for 9 was used to prepare 11 (170 mg) in
98% yield as a white solid. 1H NMR (500 MHz, CDCl3): d=1.45
(s, 9H), 2.24 (s, 6H), 2.91 (m, 2H), 3.09 (m, 1H), 3.28 (m, 1H),

3.46 (m, 4H), 4.59 (m, 4H), 6.91 (dd, J=6.5, 5.6 Hz, 1H), 6.98 (d,
J=5.8 Hz, 2H), 7.20 (m, 2H), 7.34 (m, 3H), 9.65 ppm (s, 1H).
13C NMR (125 MHz, [D6]DMSO): d=15.9, 28.1, 37.4, 44.1, 46.9
47.7, 49.8, 51.9, 70.1, 78.8, 123.9, 126.4, 127.0, 127.3, 127.5,
128.3, 128.6, 128.6, 128.6, 130.2, 137.3, 153.3, 155.4, 168.4,
201.6 ppm. Anal. calcd. for C28H36N2O5: C 69.98, H 7.55, N 5.83;
found: C 69.86, H 7.38, N 6.15.
rac-(3R,4R)-3-({Benzyl-[2,6-dimethyl-phenoxy)-acetyl]-amino}-

methyl)-4-(isobutyl amino-methyl)-pyrrolidine-1-carboxylic acid
tert-butyl ester (12): Reductive amination of 11 (210 mg,
0.43 mmol) with isobutylamine (31 mg, 0.43 mmol), orthofor-
mate (63 mg, 0.43 mmol) and Me4NBH(OAc)3 (158 mg,
0.60 mmol) described for 10 was used to prepare 12 (170 mg)
in 75% yield as a white solid, which precipitated as hydrochlo-
ride from the aqueous phase. 1H NMR (500 MHz, [D6]DMSO):
d=0.82 (s, 6H), 1.39 (s, 9H), 1.60 (m, 1H), 2.23 (m, 8H), 2.36
(m, 2H), 3.03 (m, 2H), 3.39 (m, 9H), 4.59 (m, 4H), 6.96 (m, 1H),
6.98 (m, 2H), 7.32 ppm (m, 5H). 13C NMR (125 MHz, [D6]DMSO):
d=13.9, 15.9, 20.5, 27.7, 28.1, 39.5, 39.6, 47.3, 49.3, 49.4, 49.8,
51.5, 57.5, 70.4, 78.1, 123.9, 126.6, 127.0, 127.3, 127.5,
128.3 ppm. HRMS (ESI) m/z C32H47N3O4 [MH

+] calcd. : 537.3567;
found: 537.3571. Anal. calcd. for C32H47N3O4·HCl: C 66.91, H
8.36, N 7.32; found: C 66.82, H 8.32, N 7.64.
rac-(3S,4R)-3-[(Benzenesulfonyl-isobutyl-amino)-methyl]-4-

({benzyl-[2-(2,6-dimethyl-phenoxy)-acetyl]-amino}-methyl]-pyrroli-
dine-1-carboxylic-acid tert-butyl ester : TEA (24 mg, 0.23 mmol)
and benzenesulfonyl chloride (42 mg, 0.24 mmol) were added
to a solution of 12 (130 mg, 0.23 mmol) in 50 mL THF at 0 8C.
After stirring for 2 h at room temperature, the reaction mixture
was filtered and washed with brine (3R50 mL). The organic
layer was dried (MgSO4), filtered, and evaporated under de-
creased pressure. Flash chromatography (EtOAc/MeOH 10:1)
afforded the product (140 mg, 85%) as a white solid. 1H NMR
(500 MHz, [D6]DMSO): d=0.80 (s, 6H), 1.39 (s, 9H), 1.82 (m,
1H), 2.14 (m, 8H), 2.77 (m, 3H), 3.07 (m, 2H), 3.32 (m, 5H), 4.61
(m, 4H), 6.90 (m, 1H), 6.98 (m, 2H), 7.32 (m, 5H), 7.58 (m, 2H),
7.77 ppm (m, 3H). 13C NMR (125 MHz, [D6]DMSO): d=13.9,
15.9, 19.8, 20.6, 26.6, 28.0, 39.5, 39.6, 47.0, 48.5, 48.6, 49.6, 51.4,
56.8, 70.2, 78.1, 123.9, 126.4, 126.9, 126.9, 127.0, 127.3, 127.6,
128.3, 128.6, 128.6, 130.1, 130.2, 132.7, 138.4, 145.3, 153.4,
156.6, 168.7 ppm. Anal. calcd. for C38H51N3O6S: C 67.33, H 7.58,
N 6.20; found: C 67.22, H 7.55, N 6.32.
rac-(3S,4S)-N-{4-[(Benzenesulfonyl-isobutyl-amino)-methyl]-pyr-

rolidine-3-ylmethyl}-N-benzyl-2-(2,6-dimethyl-phenoxy)-acetamide
(13): HCl (20 mL, 4n) in dioxane was added to a solution of
the above-described product (100 mg, 0.14 mmol) in THF
(40 mL) at room temperature. After stirring for 0.5 h the reac-
tion mixture was evaporated under decreased pressure to give
13 (90 mg, quant.) as a white solid HCl salt. 1H NMR (500 MHz,
[D6]DMSO): d=0.80 (s, 6H), 1.82 (m, 1H), 2.14 (s, 6H), 2.21 (m,
2H), 2.77–3.44 (m, 10H), 4.61 (m, 4H), 6.90 (m, 1H), 6.98 (m,
2H), 7.32 (m, 5H), 7.58 (m, 2H), 7.77 ppm (m, 3H). 13C NMR
(125 MHz, [D6]DMSO): d=15.7, 19.7, 21.9, 26.7, 41.4, 42.2, 47.2,
48.2, 49.6, 50.0, 52.4, 56.5, 70.1, 123.8, 126.3, 126.9, 126.9,
127.1, 127.3, 127.5, 128.3, 128.6, 128.6, 130.1, 130.2, 132.6,
137.4, 138.7, 155.3, 167.9 ppm. HRMS (ESI) m/z C33H43N3O4S
[MH+] calcd. : 577.2955; found: 577.2974. Anal. calcd. for
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(C33H43N3O4S·HCl)·H2O: C 62.68, H 7.28, N 6.64; found: C 62.98,
H 7.12, N 6.09.
rac-(3S,4R)-3-({Benzyl-[2-(2,6-dimethyl-phenoxy)-acetyl]-amino}-

methyl)-4-{[isobutyl-(4-nitro-benzenesulfonyl)-amino]-methyl}-pyr-
rolidine-1-carboxylic acid tert-butyl ester was prepared in the
same manner as described for the precursor of 13 by coupling
4-nitro-benzenesulfonyl chloride with 12 (53 mg, 0.24 mmol)
to give the product (136 mg, 80%) as a white solid. 1H NMR
(500 MHz, [D6]DMSO): d=0.80 (s, 6H), 1.39 (s, 9H), 1.82 (m,
1H), 2.14 (m, 8H), 2.77 (m, 3H), 3.07 (m, 2H), 3.32 (m, 5H), 4.61
(m, 4H), 6.90 (m, 1H), 6.98 (m, 2H), 7.26 (m, 5H), 8.09 (d, J=
7.9 Hz, 2H), 8.40 ppm (d, J=6.9 Hz, 2H). 13C NMR (125 MHz,
[D6]DMSO): d=13.9, 15.8, 19.6, 20.6, 26.6, 28.0, 39.5, 39.6, 47.2,
48.6, 49.7, 51.4, 56.5, 59.6, 70.1, 78.1, 123.9, 124.4, 124.4, 126.3,
127.0, 127.3, 127.5, 128.3, 128.6, 128.6, 130.1, 136.9, 137.2,
144.0, 149.7, 153.4, 155.2, 168.2, 170.1 ppm. HRMS (ESI) m/z
C38H51N4O8S [MH

+] calcd. : 723.3416; found: 723.3427.
rac-(3S,4S)-N-{4-{[(4-Amino-benzenesulfonyl-isobutyl-amino)-

methyl]-pyrrolidin-3-ylmethyl}-N-benzyl-2-(2,6-dimethyl-phenoxy)-
acetamide (14) was prepared in the same fashion as 13 by the
addition of SnCl2 (50 mg, 0.28 mmol) to give 14 (92 mg,
quant.) as a white HCl salt. 1H NMR (500 MHz, [D6]DMSO): d=
0.80 (s, 6H), 1.85 (m, 1H), 2.17 (s, 8H), 2.70 (m, 7H), 3.31 (m,
6H), 4.51 (m, 4H), 5.96 (s, 2H), 6.64 (d, J=8.8 Hz, 2H), 6.90 (m,
1H), 6.98 (m, 2H), 7.32 ppm (m, 5H). 13C NMR (125 MHz,
[D6]DMSO): d=15.7, 19.7, 22.5, 26.8, 41.5, 41.9, 47.2, 48.4, 48.6,
50.2, 52.7, 56.8, 70.1, 112.6, 123.8, 126.3, 126.9, 127.1, 127.5,
128.3, 128.6, 128.6, 128.8, 130.1, 132.6, 137.4, 152.6, 167.9 ppm.
HRMS (ESI) m/z C33H44N4O4S [MH+] calcd. : 592.3083; found:
592.3053. Anal. calcd. for C33H43N4O4S·HCl: C 63.05, H 7.15, N
8.90; found: C 63.46, H 7.15, N 8.52.
rac-(3S,4R)-3-({Benzyl-[2-(2,6-dimethyl-phenoxy)-acetyl]-amino}-

methyl)-4-{[isobutyl-(4-toluene-4-sulfonyl)-amino]-methyl}-pyrroli-
dine-1-carboxylic acid tert-butyl ester was prepared in the same
manner as described for the precursor of 13 by coupling 4-
methyl-benzenesulfonyl chloride with 12 (45 mg, 0.24 mmol)
to give the product (128 mg, 81%) as a white solid. 1H NMR
(500 MHz, [D6]DMSO): d=0.80 (s, 6H), 1.39 (s, 9H), 1.82 (m,
1H), 2.14 (m, 7H), 2.50 (s, 3H), 2.77 (m, 3H), 3.07 (m, 3H), 3.32
(m, 5H), 4.44 (m, 4H), 6.90 (m, 1H), 6.98 (m, 2H), 7.26 (m, 5H),
7.39 (d, J=8.0 Hz, 2H), 7.66 ppm (d, J=7.4 Hz, 2H). 13C NMR
(125 MHz, [D6]DMSO): d=15.7, 19.7, 20.8, 26.7, 28.0, 39.5, 39.6,
47.2, 48.6, 49.6, 51.6, 56.9, 70.1, 78.1, 123.9, 126.3, 126.6, 126.6,
127.2, 127.5, 128.3, 128.6, 128.6, 130.1, 135.4, 136.9, 143.0,
153.3, 155.3, 168.2 ppm. Anal. calcd. for C39H53N3O6S: C 67.70,
H 7.72, N 6.07; found: C 67.99, H 7.69, N 6.31.
rac-(3S,4S)-N-Benzyl-2-(2,6-dimethyl-phenoxy)-N-4-{[isobutyl-

(toluene-4-sulfonyl)-amino]-methyl}-pyrrolidin-3-ylmethyl)-acet-
amide (15) was prepared in the same fashion as 13 to give the
product (93 mg, quant.) as a white HCl salt. 1H NMR (500 MHz,
[D6]DMSO): d=0.80 (s, 6H), 1.85 (m, 1H), 2.17 (s, 8H), 2.49 (s,
3H), 2.84 (m, 5H), 3.31 (m, 6H), 4.51 (m, 4H), 6.90 (m, 1H), 6.98
(m, 2H), 7.32 (m, 7H), 7.65 ppm (m, 2H). 13C NMR (125 MHz,
[D6]DMSO): d=15.7, 19.7, 20.8, 26.7, 41.5, 41.9, 47.2, 48.2, 49.6,
50.3, 52.7, 56.6, 70.1, 123.8, 126.3, 126.9, 126.9, 127.2, 127.5,
128.3, 128.6, 128.6, 129.6, 129.6, 130.1, 130.2, 135.7, 137.1,
142.9, 152.6, 167.7 ppm. HRMS (ESI) m/z C34H45N3O4S [MH+]

calcd. : 591.3131; found: 591.3111. Anal. calcd. for
C34H45N3O4S·HCl: C 64.93, H 7.32, N 6.68; found: C 65.19, H
7.61, N 6.34.
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