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The final step in the generation of the amyloid-â protein (Aâ), implicated in the etiology of
Alzheimer’s disease, is proteolysis within the transmembrane region of the amyloid precursor
protein (APP) by γ-secretase. Although considered an important target for therapeutic design,
γ-secretase has been neither well-characterized nor definitively identified. Previous studies in
our laboratory using substrate-based difluoro ketone and difluoro alcohol transition-state
analogue inhibitors suggest that γ-secretase is an aspartyl protease with loose sequence
specificity. To further characterize the active site of γ-secretase, we prepared a series of difluoro
ketone peptide analogues with varying steric bulkiness in the P1 position and tested the ability
of these compounds to inhibit Aâ production in APP-transfected cells. Incorporation of bulky,
aliphatic P1 side chains, such as sec-butyl or cyclohexylmethyl, led to increased γ-secretase
inhibitory potency, suggesting a large S1 pocket to accommodate these substituents and
providing further evidence for loose sequence specificity. The cyclohexylmethyl P1 substituent
allowed N-terminal truncation to a low-molecular-weight compound (<600 Da) that effectively
blocked Aâ production (IC50 ∼ 5 µM). This finding suggests that optimal S1 binding may allow
the development of potent inhibitors with ideal pharmaceutical properties. Moreover, a difluoro
alcohol analogue with a cyclohexylmethyl P1 substituent was equipotent with its difluoro ketone
counterpart, providing strong evidence that γ-secretase is an aspartyl protease. All new
analogues inhibited total Aâ and Aâ42 production with the same rank order of potency and
increased Aâ42 production at low concentrations, providing further evidence for distinct
γ-secretases that are nevertheless closely similar with respect to active site topology and
mechanism.

Introduction

Advances in the understanding of the early biochemi-
cal events that lead to Alzheimer’s disease (AD) offer
the hope of identifying important new targets for drug
development.1 Genetic, biochemical, cellular, and his-
tological studies all point to the 4-kDa amyloid-â protein
(Aâ), the major protein component of the characteristic
amyloid plaques that litter the AD brain, as a key
initiator of the disease process. The highly hydrophobic
Aâ can nucleate and form fibrils2 that are neurotoxic3,4

and are capable of activating inflammatory processes
in the brain.5,6 Moreover, various genetic factors known
to cause or increase the chances of developing AD also
affect the formation of Aâ and/or its cerebral deposition.7

Among AD-causing genetic mutations are those in the
amyloid precursor protein (APP), an integral membrane
protein of unknown function that is proteolytically
processed to Aâ (Figure 1). Cleavage of APP just outside
the single transmembrane region by R- and â-secretases
forms soluble versions of APP (R- and â-APPs) that
display neurotrophic activities8 and membrane-associ-
ated 83- and 99-amino acid C-terminal fragments of
APP (C83 and C99), respectively. γ-Secretase then

cleaves these fragments in the middle of the transmem-
brane region to form Aâ (from C99) and p3, a 3-kDa
N-terminally truncated Aâ peptide (from C83).9 The
cleavage of γ-secretase is heterogeneous but principally
leads to 40- and 42-amino acid peptides, Aâ40 and Aâ42,
in roughly 9:1 proportions. Importantly, all genetic
mutations that lead to autosomal dominant familial AD
(FAD) lead to increased Aâ42 formation.10,11 Since this
longer, more hydrophobic peptide is considerably more
prone to nucleation and fibril formation than Aâ40 (ref
2) and is the primary Aâ variant of early, diffuse
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Figure 1. Proteolytic processing of the amyloid-â precursor
protein (APP). Dotted lines represent the lipid bilayer.
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presymptomatic amyloid plaques, Aâ42 is considered a
prime suspect in the etiology of AD.

γ-Secretase has not been definitively identified nor
well-characterized, and even the issue of whether the
formation of Aâ40 and Aâ42 is due to different γ-secre-
tases is unclear. Inhibitor studies by us and others
demonstrated that while Aâ40 and Aâ42 formation is
pharmacologically distinct,12,13 panels of γ-secretase
inhibitors show the same rank order of potency for
blocking the formation of the two peptides,14,15 suggest-
ing that the active site topologies for the responsible
enzymes are similar, if not identical. We have shown
that substrate-based difluoro ketones and difluoro al-
cohols block γ-secretase activity in cell-based assays.14

Because difluoro alcohols mimic the gem-diol transition
state of aspartyl proteases and are only known to
interact with aspartyl proteases,16-18 these results are
consistent with an aspartyl protease mechanism for
γ-secretase.14 Moreover, modeling14 and mutagenesis
studies19 support a helical conformation of the APP
transmembrane domain for the initial interaction with
γ-secretase (i.e., a conformation consistent with in-
tramembranous proteolysis). Furthermore, we recently
demonstrated that two transmembrane aspartates in
presenilin-1 are required for γ-secretase activity.20

Mutations in the presenilins are responsible for most
cases of FAD, and presenilins are known to mediate
γ-secretase activity.21 Thus, presenilins are prime can-
didates for the elusive γ-secretases.22

The difluoro ketone peptidomimetics developed in our
laboratory also provided evidence for loose sequence
specificity for γ-secretases,14 corroborating site-directed
mutagenesis studies on APP near the γ-secretase cleav-
age sites.19,23-25 To further characterize the active site
of γ-secretase, we prepared a series of difluoro ketone
analogues with hydrophobic substituents varying in
steric bulkiness in the P1 position. Here we show that
the more sterically demanding substituents increased
γ-secretase inhibitory potency, suggesting a large, comple-
mentary S1 pocket in the protease. The inhibitory effects
of these compounds provide further support for loose
sequence specificity and an aspartyl protease mecha-

nism for γ-secretase. The results also suggest that
pharmacologically distinct γ-secretases are responsible
for producing Aâ40 and Aâ42 and that these proteases
nevertheless possess closely similar active sites.

Chemistry
We26 and others16,18 have reported the synthesis of

key intermediates [N-tert-butoxycarbonyl]-4-amino-2,2-
difluoro-3-hydroxybutanoate esters of general structure
3 (Scheme 1). Originally, we had formed the immediate
precursor, Boc amino aldehyde 2, via Swern oxidation
of Boc-protected amino alcohols. We now find it more
convenient to generate these amino aldehydes from Boc-
protected amino acids via reduction of the N,O-dimeth-
ylhydroxamides (Weinreb amides) according to a pub-
lished procedure.27 Formation of the Weinreb amides
was accomplished by coupling N,O-dimethylhydroxy-
lamine to Boc-protected amino acids via EDC and HOBT
in 80-90% yields. These efficient couplings also produce
small proportions (<10%) of an undesired N,N-dimethy-
lamide (formed from dimethylamine, an impurity in the
N,O-dimethylhydroxylamine), but this side product can
be easily removed by column chromatography. LAH
reduction at ambient temperature for 20 min provided
the protected R-amino aldehydes in good yields (70-
85%) and, as originally reported by Fehrentz et al.,27

with little or no compromise of the stereocenter. Treat-
ment of these aldehydes with ethyl bromodifluoroacetate
and activated zinc (Reformatsky reaction) in refluxing
THF leads to stereoselective addition due to chelation
control.16 Each aldehyde except one was converted to a
single diastereomer (3R,4S) of difluoro alcohol 3. The
alanine-derived aldehyde 2a, with the smaller methyl
substituent, gives a 4:1 mixture of diastereomers, with
the major diastereomer likewise being 3R,4S.26

Toward target compounds 6a-g and 6j (Figure 2), the
pseudo dipeptide building blocks 3a-e were saponified
with 1.05 equiv of NaOH or LiOH in aqueous acetoni-
trile to provide the free acids, and these were im-
mediately coupled to dipeptidyl esters Val-Ile-OR with
HATU and diisopropylethylamine in DMF. Removal of
the N-terminal Boc protecting group with 50% TFA in

Scheme 1a

a (i) MeNHOMe-HCl, EDC, HOBT, i-Pr2NEt; (ii) LiAlH4; (iii) Zn, BrF2CCO2Et; (iv) LiOH, MeCN; (v) HATU, i-Pr2NEt, DMF,
NH2-Val-Ile-R2; (vi) TFA/CH2Cl2; (vii) Boc-Val, EDC, HOBT, i-Pr2NEt; (viii) Dess-Martin periodinane; (ix) MeNH2.
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CH2Cl2 was followed by coupling with Boc-L-valine using
EDC and HOBT. Oxidation of the penultimate difluoro
alcohols with Dess-Martin periodinane reagent pro-
ceeded in essentially quantitative yields providing the
final compounds. Toward N-methylamide 6i, methyl
ester 5a was treated with saturated methylamine in
CH2Cl2, with the product 5i precipitating from the
mixture as the reaction proceeds. The precipitate was
isolated by filtration and oxidized to 6i as described
above. Toward N,N-dimethylamide 6j, Boc-Val-Ile-OMe
was saponified and coupled to dimethylamine using
HATU and diisopropylethylamine in DMF to afford Boc-
Val-Ile-NMe2 in 70% yield. This dipeptide was depro-
tected with TFA and carried on to the target compound
as described above.

Biological Results and Discussion
Effects of P1 Alterations in Difluoro Ketone

Peptidomimetics on γ-Secretase Activity. New
compounds were tested for their ability to block total
Aâ and Aâ42 production in cell culture. Chinese hamster
ovary (CHO) cells stably transfected with human APP
(cell line 7W) were treated with each compound for 4 h,
and media were removed for analysis using a double-
antibody (sandwich) ELISA as previously described.14,20

Briefly, stock concentrations of peptide analogue in
DMSO were added to media to reach the final concen-
trations with 1% DMSO. Positive controls contained 1%
DMSO only. After 4 h, the medium was removed and
microfuged at 6000 rpm for 5 min to pellet loose cells,
and the supernatant was stored at -80 °C until the total
Aâ- and Aâ42-specific ELISAs were performed. All of the
compounds 6a-e effectively blocked Aâ production
(Figure 3). Although 6a is a poor inhibitor at 10 µM,
this compound blocks Aâ production g65% at 25 µM
(data not shown and ref. 14). Compound 6b inhibited
Aâ production with the same potency during a 24-h
treatment (data not shown), suggesting that this com-
pound and its P1 variants are sufficiently stable during
the standard 4-h treatments used in these studies.
Although the potencies of the compounds were some-
what variable between experiments, the rank order of
potency within a given experiment consistently showed
6e > 6d > 6c g 6b > 6a. Thus, the preference for P1

substituent was cyclohexylmethyl > sec-butyl > benzyl
g isopropyl > methyl, suggesting a relatively large S1
pocket for γ-secretases. This result was surprising, as
we expected to determine the steric boundaries of the
S1 pocket with this set of compounds.

The most active compound in the set, compound 6e,
was further tested for effects on other APP metabolites.
After a 4-h treatment with various concentrations of 6e,
7W cells were harvested and lysed, and the lysate was
subjected to immunoprecipitation with antibodies spe-
cific to the APP C-terminus. γ-Secretase substrates C99
and C83 increased dramatically (Figure 4) and with a
similar dose-response effect as seen for inhibition of
Aâ production, indicating that 6e inhibits Aâ production
at the level of γ-secretase. Similar analysis of C99 and
C83 levels 4 h after replacement with media alone
showed that the inhibition of γ-secretase by this com-
pound is reversible. Radiolabeling 7W cells with [35S]-
Met in the presence of 6e and immunoprecipitating with

Figure 2. Structure of target compounds and their IC50 values
for inhibition of Aâ production in APP-transfected Chinese
hamster ovary (CHO) cells. IC50 values were determined from
results depicted graphically in Figures 3 and 5.

Figure 3. Effects of difluoro ketone peptidomimetics 6a-e
on Aâ production as determined by sandwich ELISA: (A)
effects of compounds on total Aâ production after 4 h of
treatment of CHO cells stably transfected with the 751-amino
acid splice variant of human APP (cell line CHO 7W); (B)
effects of compounds on Aâ42 production in the same cell line.
Error bars denote standard deviations (n ) 4). For further
details concerning cell treatments and ELISAs, see ref 14.
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specific antibodies demonstrated that R- and â-APPs
levels were unaltered by this compound (data not
shown), indicating that R- and â-secretase activities
were not inhibited. Thus, despite the recent cloning and
identification of â-secretase as a membrane-tethered
aspartyl protease,28-31 the difluoro ketone analogues
reported here are apparently selective for γ-secretase.

Interestingly, we also found that a truncated form of
6e, lacking the N-terminal valine (oxidized 4e), retained
full potency toward inhibiting Aâ production (IC50 ∼ 5
µM). We had previously shown that when R1 ) Me, such
a truncation yields an inactive compound.26 Apparently,
installing an optimal R1 substituent (cyclohexylmethyl)
allows removal of the P2 residue. This finding has
implications for the design of therapeutic agents that
block γ-secretase, since this truncation brings the mo-
lecular weight down below 600 Da. Installation of the
cyclohexylmethyl group in P1 also led to the identifica-
tion of a difluoro alcohol (the immediate synthetic
precursor to 6e) equipotent to its difluoro ketone
counterpart toward inhibiting total Aâ production. This
difluoro alcohol was an order of magnitude more potent
than other difluoro alcohols we have previously re-
ported.14 Since difluoro alcohols are only known to
inhibit aspartyl proteases,16-18 this provides strong
evidence that γ-secretase is an aspartyl protease.

Because of the P1 differences in the γ-secretase
cleavage events leading to Aâ40 and Aâ42 (Val and Ala,
respectively), we expected to find active site differences
between the S1 pockets of the enzymes. As we have
observed before with related peptidomimetics,14 the
rank order of potencies for inhibition of Aâ40 and Aâ42
production were essentially the same (compare panels
A and B in Figure 3, especially at 10 µM), suggesting
that the active site topologies for γ(40)- and γ(42)-
secretases are closely similar. (Roughly 90% of total Aâ
is Aâ40; therefore, reductions in total Aâ reflect reduc-
tions in Aâ40.) Nevertheless, these related γ-secretase
activities are clearly distinct, since Aâ40 production is
more sensitive to γ-secretase inhibitors than is Aâ42
production. Moreover, low concentrations of γ-secretase
inhibitors elicit profound increases in Aâ42 production.
All γ-secretase inhibitors reported to date show these
effects, including those in this study (see Figures 3 and
5). Because the ability of compounds to increase Aâ42
production closely correlates with their inhibitory po-
tency against γ-secretase activity, we hypothesize that
partial inhibition of Aâ40 production increases the
availability of substrate C99 for Aâ42 production. That

is, γ(42)-secretase has a higher Km for substrate than
γ(40)-secretase, a conclusion supported by a recent study
with peptide aldehyde γ-secretase inhibitors.32 Another
recent study demonstrated that pharmacologically in-
duced increases in Aâ42 production can be separated
from γ-secretase activity,15 although the reverse obser-
vation, inhibiting γ-secretase activity without enhancing
Aâ42 production, has not yet been reported. Apparently,
increasing C99, either by partially blocking γ(40)-
secretase activity or by stabilizing C99 against other
catabolic processes, can augment Aâ42 production.

Effects of C-Terminal Variations of Difluoro
Ketone Peptidomimetics on γ-Secretase Activity.
Since methyl esters of peptidomimetics can be rapidly
metabolized in cells, we considered C-terminal alter-
ations that might enhance stability in our cell-based
assay. We reasoned that increasing steric bulk might
hinder cleavage by intracellular esterases, so ethyl and
benzyl esters 6f,g were synthesized. Similarly, because
amides are more difficult to hydrolyze than esters,
N-methylamide 6h was made as well. The dimethyla-
mide 6i, with the combination of the more stable amide

Figure 4. Effects of compound 6e on γ-secretase substrates
C83 and C99. CHO 7W cells were treated with the indicated
concentrations of 6e for 4 h. Medium was removed from an
identical set of cells treated in parallel and replaced with
compound-free medium for an additional 4 h. The cells were
lysed and subjected to immunoprecipitation with antibody C7
to the APP C-terminus. Precipitated proteins were resolved
by SDS-PAGE, transferred to poly(vinylidene difluoride), and
immunoblotted with monoclonal antibody 13G8 to the APP
C-terminus. For further details on the antibodies, immuno-
precipitation, and blotting protocols, see ref 20.

Figure 5. Effects of difluoro ketone peptidomimetics 6a,f-i
on Aâ production as determined by sandwich ELISA: (A)
effects of compounds on total Aâ production after 4 h of
treatment of CHO 7W cells; (B) effects of compounds on Aâ42

production in the same cell line. Error bars denote standard
deviations (n ) 4).
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bond and more sterically demanding tertiary amide, was
expected to be virtually resistant to hydrolysis in
culture.

Indeed for the esters, increasing steric bulk enhanced
activity, with benzyl ester 6g being 2-3-fold more active
than the parent methyl ester 6a; ethyl ester 6f pos-
sessed intermediate potency (Figures 2 and 5). However,
the simple replacement of amide for ester (6h vs 6a)
virtually abolished activity, a surprising result since the
amide should be more metabolically stable and should
be a better mimic of the native substrate. Adding
another methyl group to the amide (compound 6i)
regained activity, although this compound was not quite
equipotent to the parent methyl ester 6a. Again, as
noted above, the rank order of potency for inhibiting
Aâ40 and Aâ42 production was essentially the same for
these C-terminal variants, and the more potent inhibi-
tors increased Aâ42 production at subinhibitory concen-
trations.

Previous studies in our laboratory showed that exten-
sion of compounds such as 6a into the P4′ position with
amino esters (Val, Ile, Phe) is well-tolerated.14 Thus,
despite the inactivity of 6h, a secondary amide after P3′
is acceptable, perhaps as long as a large substituent is
added. Addressing the difference in cellular uptake and
metabolism would require radiolabeling a series of
compounds and careful, quantitative analysis of cell
extracts. Although differences in cell uptake and me-
tabolism may explain the observed effects on Aâ inhibi-
tion, it is nevertheless clear that γ-secretases can
tolerate the addition of bulky substituents after P3′,
whether the extension is through an ester or an amide
bond.

Since cyclohexylmethyl in the P1 position and benzyl
ester at the C-terminus provided the highest potency
toward inhibiting γ-secretase activity in our series of
difluoro ketone peptidomimetics, we combined these two
favorable features into a single compound (6j) in the
hope that it would prove more active than either
compound (6e or 6g) with only one of these substruc-
tures. However, this compound displayed potency com-
parable to 6e,g toward inhibiting total Aâ and Aâ42
(data not shown). Apparently, the presence of the
cyclohexylmethyl substituent in P1 alters the structure-
activity relationship (SAR) vis-á-vis a methyl substitu-
ent in P1. This is not an uncommon observation with
peptidomimetics, and we have observed this before with
our difluoro ketone peptidomimetics. Specifically, a
D-Val as P2 reduces activity but is nevertheless toler-
ated when the P1 substituent is methyl. In contrast,
incorporation of D-Val as P2 when P1 contains an
isopropyl substituent leads to a compound completely
incapable of blocking Aâ production.14 We should add
here that the goal of our project is primarily to use the
difluoro ketone peptidomimetics to understand the
active sites of the γ-secretases. If our goal were prima-
rily to develop highly potent inhibitors as drug candi-
dates, then clearly a combinatorial approach would be
appropriate, especially given the interdependency of
different positions of the compounds with respect to
SAR.

Summary and Conclusions
Modification of substrate-based difluoro ketone tran-

sition-state mimics for γ-secretases led to compounds

with enhanced potencies compared to the parent com-
pound 6a. These inhibitors are useful probes for the
γ-secretases, providing evidence for an S1 pocket large
enough to accommodate the sterically bulky cyclohexy-
lmethyl substituent. These results largely corroborate
the recent report of Hagaki et al., in which bulky P1
residues (Phe, Leu, t-BuAla) within short, hydrophobic
peptide aldehydes had the best γ-secretase inhibitory
activity.33 However, P1 Val and Ile residues were the
least potent in the peptide aldehyde series, whereas in
the difluoro ketones reported here, P1 Val and especially
Ile substituents are well-tolerated. These differences
between the aldehyde and difluoro ketone peptide
analogues may be due to different binding orientations
or even different sites of action. We have tested one of
the difluoro ketone analogues (6b) in a cell-free mi-
crosomal system and found that it also inhibits Aâ
production under these conditions,34 consistent with the
expected direct interaction between these transition-
state mimics and γ-secretases. Our studies with these
new difluoro ketone peptidomimetics also further sup-
port the idea that separate γ-secretases are responsible
for the generation of Aâ40 and Aâ42 but that the active
sites for these proteases are closely similar.

Recently, we reported that two conserved transmem-
brane aspartates in presenilins 1 and 2 (PS1 and PS2)
are required for γ-secretase activity, suggesting that the
presenilins are the long-sought γ-secretases, novel in-
tramembrane-cleaving aspartyl proteases.20,35 Knockout
of the PS1 gene or mutation of either PS1 transmem-
brane aspartate lowers total Aâ and Aâ42 to similar
degrees.20,21 The parallel drop in total Aâ and Aâ42 by
knockout of PS1 or expression of aspartate-mutant PS1
is inconsistent with the notion that PS1 is γ(40)-
secretase and PS2 is γ(42)-secretase or vice versa. The
different activities may be due instead to differences in
posttranslational modifications, protein binding part-
ners, subcellular localizations, or stable conformations
of a given presenilin. Finally, we have most recently
found that an affinity reagent based on the difluoro
alcohol of 6d binds directly and specifically to preseni-
lins, strongly suggesting that presenilins comprise the
active site of γ-secretases.36 Thus, the transition-state
analogue peptidomimetics reported here have proven to
be very useful probes for γ-secretase, aiding in the
characterization and identification of this elusive, in-
triguing, and medically important protease.

Experimental Section

Boc-protected L-cyclohexylalanine was purchased from
NovaBiochem (San Diego, CA). HATU uronium coupling
reagent was purchased from Perceptive Biosystems
(Warrington, England). Dess-Martin periodinane was either
synthesized37 or purchased from Omega Chemicals (Quebec,
Canada). All other reagents and solvents were purchased from
Sigma-Aldrich (St. Louis, MO; Milwaukee, WI). 1H and 13C
NMR (300 and 74.5 MHz, respectively) were performed on a
Bruker ARX-300 FT-NMR spectrometer, and mass spectra
were performed on a Bruker Esquire-LC with electrospray
ionization source unless otherwise noted. Optical rotations
were determined on a Rudolph Autopol III polarimeter, and
uncorrected melting points were obtained using a Thomas-
Hoover melting point apparatus. Column chromatography was
performed with 70-230 mesh silica gel (Aldrich Chemical).
Elemental analysis was performed by Desert Analytics (Tuc-
son, AZ).
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General Procedure Toward N-Boc-L-amino Aldehydes.
To a 0 °C solution of N-Boc-protected l-amino acid, triethyl-
amine (TEA; 1.1 equiv), and HATU (1.1 equiv) in dry CH2Cl2

(0.5 M amino acid) were added 1.2 equiv of N,O-dimethylhy-
droxylamine hydrochloride and 1.2 equiv of TEA, whereupon
the reaction was allowed to warm to ambient temperature.
After 3 h, the reaction was partitioned between CH2Cl2 and 1
N HCl. The organic layer was washed 3× with 1 N HCl, 3×
with saturated aqueous NaHCO3, and 3× with brine. The
organic layer was dried over Na2SO4, filtered, and concentrated
to isolate the Weinreb amide. If necessary, chromatography
with 2:1 hexane:ethyl acetate was performed to remove any
dimethyl amide impurity. To a 0.05 M solution of Weinreb
amide in ethyl ether was added 1.25 equiv of LAH. After 20
min, 1.5 equiv of 1 M KHSO4 was added, and the aqueous layer
was extracted with ether. The extracts were combined and
washed 3× with 1 N HCl, 3× with saturated aqueous NaHCO3,
and 3× with brine. The organic layer was dried over MgSO4,
and concentrated to give N-Boc-protected L-amino aldehyde.
The aldehyde was used immediately in the next step without
further purification.

(S)-(N-tert-Butoxycarbonyl)-2-aminopropional (2a): 72%;
[R]D ) +33.2° (c ) 1 in CH2Cl2) (lit. +36.7°, c ) 1 in CH2Cl2);27

1H NMR (CDCl3) δ 1.34 (3H, d J ) 7 Hz), 1.46 (9H, s), 4.23,
(1H, dd J ) 7 Hz), 5.12 (1H, br), 9.57 (1H, s).

(2S)-(N-tert-Butoxycarbonyl)-2-amino-3-methylbuta-
nal (2b): oil; 70%; [R]D ) +80.4° (c ) 1 in CH2Cl2) (lit. +82.1°,
c ) 1 in CH2Cl2);27 1H NMR (CDCl3) δ 0.95 (3H, d J ) 7 Hz),
1.03 (3H, d J ) 10 Hz), 1.45 (9H, s), 2.27 (1H, m), 4.23 (1H, br
m), 5.29 (1H, br), 9.64 (1H, s).

(2S)-(N-tert-Butoxycarbonyl)-2-amino-3-phenylpropi-
onal (2c): mp 82-82 °C (lit. 86 °C); 87%; [R]D ) +41.6° (c )
1.1 CH2Cl2) (lit. +40.4°, c ) 1.0 CH2Cl2);27 1H NMR (CDCl3) δ
1.43 (9H, s), 3.11 (2H, m), 4.42 (1H, m), 5.02 (1H, br), 7.27
(5H, m), 9.63 (1H, s).

(2S,3S)-(N-tert-Butoxycarbonyl)-2-amino-3(S)-methyl-
pentanal (2d): oil; 74%; [R]D ) +85.0° (c ) 1 in CH2Cl2) (lit.
+92.8°, c ) 1 in CH2Cl2);27 1H NMR (CDCl3) δ 0.92 (3H, d J )
6 Hz), 0.98 (3H, app. t J ) 7 Hz), 1.17-1.29 (2H, m), 1.45 (9H,
s), 2.02 (1H, m), 4.25 (1H, m), 5.39 (1H, br), 9.63 (1H, s).

(2S)-(N-tert-Butoxycarbonyl)-2-amino-3-cyclohexyl-
propional (2e): oil; 82%; [R]D ) -23° (c ) 0.5 in CH2Cl2) (lit.
-23.9°, c ) 0.44 in CHCl3);38 1H NMR (CDCl3) δ 0.81-1.30
(6H, br m), 1.45 (9H, s), 1.59-1.87 (7H, br m), 4.26 (1H, br),
5.00 (1H, br), 9.58 (1H, s).

General Procedure Toward Difluoro Alcohols 3. A
solution of Boc-amino aldehyde and ethyl bromodifluoroacetate
(3 equiv) was added dropwise to a suspension of zinc dust (3
equiv) in dry THF (0.5 mM final concentration of aldehyde).
After complete addition, the reaction was brought to reflux
for 30 min. The heat source was then removed, and the
reaction was allowed to cool to ambient temperature. The
mixture was partitioned between 1 M KHSO4 and CH2Cl2, and
the organic layer was dried over Na2SO4, filtered, and con-
centrated. The product was purified by column chromatogra-
phy with 20% ethyl acetate in hexanes.

Ethyl 4(S)-[(N-tert-butoxycarbonyl)amino]-2,2-difluoro-
3(R and S)-hydroxypentanoate (3a): yellow-brown oil; 62%
(as a 4:1 mixture of diastereomers); 1H NMR spectra was
identical to that previously reported by our laboratory.26

Ethyl 5-methyl-4(S)-[(N-tert-butoxycarbonyl)amino]-
2,2-difluoro-3(R)-hydroxyhexanoate (3b): yellow-brown oil;
67%; 1H NMR (CDCl3) δ 0.97 (6H, dd J ) 6.8 and 6.8 Hz),
1.36 (3H, t J ) 7 Hz), 1.43 (9H, s), 1.93-2.13 (1H, m), 3.54
(1H, br), 4.20 (2H, m), 4.35 (2H, q J ) 7 Hz), 5.14 (1H, br d).

Ethyl 5-phenyl-4(S)-[(N-tert-butoxycarbonyl)amino]-
2,2-difluoro-3(R)-hydroxypentanoate (3c): yellow-brown
oil; 87%; crystallized to a white solid from ethyl acetate and
hexanes; mp 134-135 °C (lit. 137-138.6 °C16); 1H NMR
(CDCl3) δ 1.33 (3H, t J ) 7 Hz), 1.40 (9H, s), 2.90-3.18 (2H,
br), 3.89-4.24 (3H, br), 4.32 (2H, q J ) 7 Hz), 4.78-4.93 (1H,
br), 7.26 (5H, m); MS m/z 396 (M+ + Na+). Anal. (C18H25F2-
NO4) C,H,N.

Ethyl 5(S)-methyl-4(S)-[(N-tert-butoxycarbonyl)amino]-
2,2-difluoro-3(R)-hydroxyheptanoate (3d): yellow-brown
oil; 56%; 1H NMR (CDCl3) δ 0.89 (3H, t J ) 7.3 Hz), 0.94 (3H,
d J ) 6.8 Hz), 1.06-1.19 (1H, m), 1.34 (3H, t J ) 7 Hz), 1.42
(9H, s), 1.45-1.58 (1H, m), 1.76-1.93 (1H, m), 3.51-3.65 (1H,
br), 4.14-4.25 (1H, br), 4.33 (3H, br q J ) 7 Hz), 4.78-5.01
(1H, br).

Ethyl 5-cyclohexyl-4(S)-[(N-tert-butoxycarbonyl)ami-
no]-2,2-difluoro-3(R)-hydroxypentanoate (3e): yellow-
brown oil; 64%; crystallized to a white solid from ethyl acetate
and hexanes; mp 110.5-111.5 °C (lit. 112-114 °C16); 1H NMR
(CDCl3) δ 0.81-1.30 (7H, br m), 1.36 (3H, t J ) 7 Hz), 1.44
(9H, s), 1.59-1.87 (6H, br m), 3.84-4.07 (3H, br), 4.33 (1H, q
J ) 7 Hz), 4.35 (1H, q J ) 7 Hz), 4.62-4.75 (1H, br); MS m/z
402 (M+ + Na+). Anal. (C18H31F2NO4) C,H,N.

General Procedure Toward Compounds 4. Hydrolysis
of 3 to the carboxylic acid was accomplished with 1.05 equiv
of 0.25 N NaOH or LiOH in an equal volume of AcN for 2 h.
The mixture was extracted with ethyl acetate to remove
unhydrolyzed starting material. The aqueous phase was then
acidified to pH 2 with 1 N HCl and extracted with 4× with an
equal volume of ethyl acetate. The organic layer was dried over
Na2SO4 and concentrated to afforded the carboxylic acid, which
was immediately carried on to the next step. To a 0 °C solution
of this product and the appropriate C-terminally protected
peptide (1 equiv) in anhydrous DMF under N2 was added
HATU (1.1 equiv) and diisopropylethylamine (DIPEA; 3 equiv).
After overnight reaction, the mixture was taken up in EtOAc
and washed 3× with 1 N HCl, 3× with saturated NaHCO3

solution, and 3× with brine. The organic layer was dried over
Na2SO4, filtered, and concentrated. Column chromatography
with EtOAc:hexanes 2:1 afforded pure samples which were
recrystallized from ether/pentane whenever possible.

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-3(R)-
hydroxypentanoyl]-L-valyl]-L-isoleucine methyl ester (4a):
physical and spectroscopic data for this compound matched
that from a previous report from our laboratory.26

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-5-
methyl-3(R)-hydroxyhexanoyl]-L-valyl]-L-isoleucine meth-
yl ester (4b): 67%; mp 128.5-130 °C; 1H NMR (CDCl3) δ 0.89
(6H, two d, both J ) 7 Hz), 0.99 (14H, m), 1.44 (9H, s), 1.92
(1H, m), 2.11 (1H, m), 2.27 (1H, m), 3.39 (1H, br), 3.73 (3H, s),
3.96 (1H, br d), 4.25 (2H, br dd J ) 9 and 8 Hz), 4.61 (1H, dd
J ) 9 and 8 Hz), 5.31 (1H, d J ) 9 Hz), 6.77 (1H, d J ) 9 Hz),
7.22 (1H, d J ) 9 Hz). Anal. (C24H43F2N3O7) C,H,N.

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-5-
phenyl-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleucinemeth-
yl ester (4c): mp 136-138 °C; 64%; 1H NMR (CDCl3) δ 0.93
(6H, m), 1.02 (6H, m), 1.40 (9H, s), 1.90 (1H, m), 2.38 (1H, m),
3.06 (2H, br), 3.76 (3H, s), 4.08 (1H, br), 4.18-4.40 (2H, br),
4.65 (1H, dd J ) 9 and 8 Hz), 4.79 (1H, d J ) 8 Hz), 4.95 (1H,
br), 6.79 (1H, d J ) 7 Hz), 6.93 (1H, br), 7.18-7.37 (5H, m);
MS m/z 595 (M+ + Na+). Anal. (C28H43F2N3O7‚3/2H2O) C,H,N.

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-5(S)-
methyl-3(R)-hydroxyheptanoyl]-L-valyl]-L-isoleucinemeth-
yl ester (4d): 64%; 1H NMR (CDCl3) δ 0.79-1.06 (20H, m),
1.45 (9H, s), 1.78-2.00 (2H, br), 2.25 (1H, m), 3.49 (1H, br),
3.73 (3H, s), 4.21-4.46 (2H, br), 4.59 (1H, dd J ) 5 and 7 Hz),
5.41 (1H, d J ) 9 Hz), 7.02 (1H, d J ) 8 Hz), 7.35 (1H, d J )
8 Hz); MS m/z 560 (M+ + Na+).

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-5-
cyclohexyl-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleu-
cine methyl ester (4e): 66%; 1H NMR (CDCl3) δ 0.93 (6H,
m), 1.02 (6H, m), 1.23 (6H, br m), 1.46 (9H, s), 1.60-2.00 (8H,
br), 2.27 (1H, m), 3.16 (1H, br), 3.75 (3H, s), 4.05 (1H, br), 4.27
(2H, br), 4.61 (1H, dd J ) 9 and 5 Hz), 5.24 (1H, br d), 6.58
(1H, d J ) 8 Hz), 7.18 (1H, d J ) 10 Hz); MS m/z 600 (M+ +
Na+). Anal. (C28H49F2N3O7‚1/2H2O) C,H,N.

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-3(R)-
hydroxypentanoyl]-L-valyl]-L-isoleucine ethyl ester (4f):
40%; 1H NMR (CDCl3) δ 0.90 (6H, m), 1.00 (6H, m), 1.44 (9H,
s), 1.90 (1H, m), 2.28 (1H, m), 4.04 (2H, m), 4.17 (2H, m), 4.38
(1H, m), 4.60 (1H, m), 5.15 (1H, br), 7.20 (1H, br), 7.51 (1H,
br).
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[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-3(R)-
hydroxypentanoyl]-L-valyl]-L-isoleucine benzyl ester (4g):
68%; 1H NMR (CDCl3) δ 0.86 (6H, m), 1.00 (6H, m), 1.30 (3H,
d), 1.46 (9H, s), 2.30 (1H, br), 3.71 (1H, br), 4.02 (2H, m), 4.36
(1H, dd), 4.69 (1H, dd), 5.16 (3H, q), 7.09 (1H, br), 7.36 (5H,
m), 7.46 (1H, br).

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-3(R)-
hydroxypentanoyl]-L-valyl]-L-isoleucine dimethylamide
(4i): 68%; 1H NMR (CDCl3) δ 0.89 (6H, m), 1.00 (6H, m), 1.36
(3H, d J ) 6.7 Hz), 1.46 (9H, s), 1.67 (3H, br), 1.80 (1H, m),
2.06 (1H, s), 2.35 (1H, m), 2.97 (3H, s), 3.15 (3H, s), 4.04 (2H,
m), 4.29 (1H, m), 4.87 (1H, dd J ) 7.4 Hz), 5.21 (1H, d J ) 8.7
Hz), 7.23 (1H, br), 7.35 (1H, br).

[[4(S)-[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-5-
cyclohexyl-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleu-
cine benzyl ester (4j): mp 60-61 °C; 84%; 1H NMR (CDCl3)
δ 0.80-0.92 (6H, m), 0.93-1.02 (6H, dd J ) 6.6 and 6.6 Hz),
1.03-1.35 (11 H, m), 1.44 (9H,s), 1.92 (2 H, m), 2.22 (1H, m),
3.74 (1H, br), 4.04 (1H, dd J ) 14 and 13 Hz), 4.24 (1H, dd J
) 9 and 8 Hz), 4.64 (1H, dd J ) 9 and 9 Hz), 5.11 (1H, d 12
Hz), 5.22 (1H, d 12 Hz), 6.53 (1H, d J ) 8 Hz), 7.16 (1H, br),
7.35 (5H, m); MS m/z 677 (M+ + Na+). Anal. (C34H53F2N3O7)
C,H,N.

General Method Toward Compounds 5. Compounds of
general structure 4 were deprotected using TFA/CH2Cl2 1:1
at ambient temperature for 1 h. The TFA/CH2Cl2 layer was
evaporated, and the residue was partitioned between CH2Cl2

and saturated NaHCO3 solution. The aqueous layer was
extracted with additional CH2Cl2. The organic layers were
combined, dried over Na2SO4, and concentrated. To a 0.5 M
solution of the free amine in CH2Cl2 were added N-Boc-L-valine
(1.25 equiv), HOBT (1.4 equiv) and EDC (1.4 equiv). After
overnight reaction, the mixture was diluted with more CH2-
Cl2, washed with 4× saturated NaHCO3 solution, dried over
Na2SO4, filtered, and concentrated. Column chromatography
with either ethyl acetate/hexanes 2:1 or CH2Cl2/MeOH 99:1
provided purified products.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleucine meth-
yl ester (5a): 81%; mp 142 °C; 1H NMR (CDCl3) δ 1.01 (18H,
m aliphatic H, 1.41 (3H, d J ) 7.1 Hz), 1.46 (9H, s), 1.92 (2H,
m), 2.29 (1H, m), 3.29 (1H, m), 3.59 (1H, m), 3.79 (3H, s), 4.13
(2H, m), 4.70 (1H, dd J ) 5.5 and 3.4 Hz), 5.01 (1H, br), 6.30
(1H, br), 6.68 (1H, br), 8.21 (1H, br), 8.36 (1H, br); MS (MALDI-
TOF) m/z 617 (M + Na). Anal. (C27H48F2N4O8‚H2O) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-methyl-3(R)-hydroxyhexanoyl]-L-valyl]-L-isoleu-
cine methyl ester (5b): 88%; mp 90-91 °C; 1H NMR (CDCl3)
δ 0.87-1.11 (25H, m), 1.45 (9H, s), 1.98 (2H, m), 2.27 (1H, m),
2.46 (1H, m), 2.62 (1H, m), 3.73 (1H, br), 3.75 (1H, s), 4.18-
4.39 (3H, br), 4.66 (1H, dd J ) 8 and 9 Hz), 5.44 (1H, d J ) 9
Hz), 6.35 (1H, br), 7.40 (1H, d J ) 8 Hz), 8.25 (1H, d J ) 7
Hz), 8.46 (1H, d J ) 8 Hz); Anal. (C29H52F2N4O8) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-phenyl-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleu-
cine methyl ester (5c): 72%; mp 159-161 °C; 1H NMR
(CDCl3) δ 0.80 (6H, m), 0.91 (6H, m), 1.05 (6H, m), 1.18 (2H,
m), 1.45 (9H, s), 2.00 (2H,m), 2.33 (1H, m), 3.20 (2H, br), 3.74
(3H, s), 3.78 (1H, br), 3.90 (1H, br), 4.24 (1H, br), 4.38 (2H,
br), 4.63 (1H, m), 4.84 (1H, br), 6.73 (2H, br), 7.21 (5H, m),
7.44 (1H, br); MS m/z 694 (M+ + Na+). Anal. (C33H52F2N4O8‚
H2O) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5(S)-methyl-3(R)-hydroxyheptanoyl]-L-valyl]-L-isoleu-
cine methyl ester (5d): 74%; mp 153-155 °C; 1H NMR
(CDCl3) δ 0.77-1.29 (24 H, m), 1.46 (9H, s), 1.67 (1H, m), 1.90
(3H, br), 2.26 (3H, br), 2.65 (1H, br), 3.67 (1H, dd J ) 9 and 9
Hz), 3.78 (3H, s), 4.11 (1H, dd J ) 9 and 9 Hz), 4.36 (2H, br),
4.66 (1H, dd J ) 8 and 9 Hz), 5.07 (1H, d J ) 9 Hz), 6.42 (1H,
d J ) 11 Hz), 6.71 (1H, d J ) 9 Hz), 8.22 (1H, d J ) 6 Hz),
8.42 (1H, d J ) 8 Hz); MS m/z 660 (M+ + Na+). Anal.
(C30H54F2N4O8) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-cyclohexyl-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleu-
cine methyl ester (5e): 88%; mp 164-165 °C; 1H NMR
(CDCl3) δ 0.78-1.27 (26H, m), 1.46 (9H, s), 1.61-2.01 (9H,
m), 2.28 (1H, m), 3.20 (1H, br), 3.60 (1H, dd J ) 9 and 9 Hz),
3.78 (3H, s), 4.12 (2H, br dd J ) 9 and 9 Hz), 4.64 (1H, dd J
) 9 and 9 Hz), 5.04 (1H, d J ) 9 Hz), 6.33 (1H, d J ) 11 Hz),
6.66 (1H, d J ) 9 Hz), 8.21 (1H, d J ) 7 Hz), 8.34 (1H, d J )
8 Hz); MS m/z 700 (M+ + Na+). Anal. (C33H58F2N4O8) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleucine eth-
yl ester (5f): 87%; 1H NMR (CDCl3) δ 1.02 (18 H, m), 1.32 (2
H,m), 1.41 (3H, d J ) 7.0 Hz), 1.45 (9H, s), 1.90 (1H, m), 2.26
(1H, m), 3.28 (1H, m), 3.60 (1H, dd J ) 9.0 Hz), 4.11 (1H, m),
4.25 (2H, m), 4.67 (1H, dd J ) 9.0 Hz), 5.03 (1H, d J ) 9.0
Hz), 6.33 (1H, d J ) 10.9 Hz), 6.67 (1H, d J ) 8.9 Hz), 8.26
(1H, d J ) 6.3 Hz), 8.39 (1H, d J ) 6.7 Hz).

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleucine ben-
zyl ester (5g): 84%; 1H NMR (CDCl3) δ 0.94 (16H, m), 1.09
(2H, d J ) 6.5 Hz), 1.39 (3H, d J ) 7.0 Hz), 1.45 (9H, s), 1.91
(3H, br), 2.28 (1H, br), 3.26 (1H, br), 3.58 (1H, t), 4.08 (2H,
m), 4.74 (1H, dd), 5.03 (1H, d), 5.20 (2H, q J ) 15 Hz), 6.29
(1H, br), 6.66 (1H, d), 7.38 (5H, m), 8.18 (1H, d), 8.37 (1H, d).

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleucine Me-
thylamide (5h). To a 0 °C solution of methyl ester 5a (85
mg, 0.143 mmol) in 16 mL MeOH was bubbled in methylamine
to saturation. After overnight reaction at ambient tempera-
ture, 5h had precipitated from the solution and was isolated
by filtration: 80%; 1H NMR (CDCl3) δ 0.96 (18 H, m), 1.85
(2H, m), 1.18 (2H, m), 1.40 (3H, d J ) 7 Hz), 1.47 (9H, s), 2.21
(1H, m), 2.84 (3H, d J ) 4.7 Hz), 3.38 (1 H, br), 3.83 (1H, m),
4.18 (3H, m), 5.07 (1H, d J ) 8.7 Hz), 5.90 (1H, br), 6.41 (1H,
br), 7.31 (1H, br), 7.94 (1H, br), 8.48 (1H, br).

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3-hydroxypentanoyl]-L-valyl]-L-isoleucine dime-
thylamide (5i): 29% (purified by filtration from CH2Cl2); 1H
NMR (CDCl3) δ 0.90 (8H, m), 1.02 (12H, m), 1.39 (3H, d J )
7.0 Hz), 1.46 (9H, s), 1.83 (3H, m), 2.06 (1H, s), 2.20 (1H, m),
2.98 (3H, s), 3.22 (3H, s), 3.62 (1H, m), 3.91 (1H, dd J ) 9.4
Hz), 4.28 (1H, dd J ) 9.2 Hz), 4.81 (1H, dd J ) 8.3 Hz), 5.07
(1H, d J ) 9.1 Hz), 5.32, 6.59 (1 H, d J ) 11.1 Hz), 7.35 (1H,
d J ) 8.5 Hz), 7.96 (1H, d J ) 8.3 Hz), 8.78 (1H, d J ) 5.8 Hz).

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-cyclohexyl-3(R)-hydroxypentanoyl]-L-valyl]-L-isoleu-
cine benzyl ester (5j): mp 140-141 °C; 87%; 1H NMR
(CDCl3) δ 0.75-1.04 (26H, m), 1.42 (9H, s), 1.59-1.77 (7H,
m), 1.85 (3H, br), 2.21 (1H, br), 3.15 (1H, br), 3.55 (1H, dd J )
9 and 9 Hz), 4.09 (2H, br), 4.64 (1H, dd J ) 9 and 9 Hz), 5.00
(1H, d J ) 9 Hz), 5.13 (1H, m), 5.21 (1H, m), 6.28 (1H, d J )
11 Hz), 6.57 (1H, d J ) 9 Hz), 7.34 (5H, m), 8.17 (1H, d J ) 7
Hz), 8.35 (1H, d J ) 7 Hz); MS m/z 776 (M+ + Na+). Anal.
(C39H62F2N4O8) C,H,N.

General Procedure for Oxidation of Difluoro Alcohols
5 to Difluoro Ketones 6. To a stirred solution of difluoro
alcohol 5 in CH2Cl2 (10 mM) was added 7 equiv of Dess-
Martin periodinane. After 3 h, the reaction mixture was added
to Na2S2O3 (49 equiv based on 5) in saturated NaHCO3

solution. After an additional 10 min, the mixture was parti-
tioned between Et2O and saturated NaHCO3 solution. The
organic layer was washed several times with saturated aque-
ous NaHCO3, dried over MgSO4, filtered, and concentrated to
give difluoro ketones 6. Further purification was usually not
necessary. However, if needed, purification was accomplished
by either recrystallization from ether/pentane or column
chromatography with ethyl acetate/hexanes 2:1 or CH2Cl2/
MeOH 99:1.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3-oxopentanoyl]-L-valyl]-L-isoleucine methyl es-
ter (6a): 86%; mp 75 °C; 1H NMR (CDCl3) δ 0.85 (18 H, m),
1.26 (3H, d J ) 7.1 Hz), 1.38 (9H, s), 1.78 (1H, m), 1.90 (1H,
m), 2.07 (1H, m), 3.62 (3H, s), 3.82 (1H, dd), 4.22 (1H, m), 4.72

3440 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 18 Moore et al.



(2H, m), 6.67 (1H, br), 8.36 (1H, br), 8.52 (1H, br), 8.86 (1H,
br); MS (MALDI-TOF) m/z 614 (M + Na). Anal. (C27H46F2N4O8‚
1/2EtOAc) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-methyl-3-oxohexanoyl]-L-valyl]-L-isoleucine me-
thyl ester (6b): 88%; mp 81-84 °C; 1H NMR (CDCl3) δ 0.85-
1.08 (24H, m), 1.14-1.31 (2H, m), 1.46 (9H, s), 1.94 (1H, m),
2.09 (1H, m), 2.22 (1H, m), 2.47 (1H, m), 3.77 (3H, s), 3.91
(1H, dd J ) 9 and 9 Hz), 4.24 (1H, dd J ) 7.5 and 8 Hz), 4.62
(1H, dd J ) 8.5 and 9 Hz), 4.72 (1H, br), 5.06 (1H, br d J ) 6
Hz), 6.34 (1H, br d J ) 8 Hz), 6.85 (1H, br), 7.59 (1H, br); MS
(MALDI-TOF) m/z 622.451 (M+ + Na+). Anal. (C29H50F2N4O8)
C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-phenyl-3-oxohexanoyl]-L-valyl]-L-isoleucine meth-
yl ester (6c): 88%; mp 160-161 °C; 1H NMR (DMSO + D2O)
δ 0.48 (3H, d J ) 6.6 Hz), 0.57 (3H, d J ) 6.6 Hz), 0.75-0.87
(18H, m), 1.31 (9H, s), 1.72 (2H, m), 1.99 (1H, m), 3.10 (2H,
m), 3.58 (3H, s), 4.08 (1H, d J ) 6.3 Hz), 4.30 (2H, m), 7.08-
7.21 (5H, m). Anal. (C33H50F2N4O8‚1/2H2O) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5(S)-methyl-3-oxoheptanoyl]-L-valyl]-L-isoleu-
cine methyl ester (6d): 90%; mp 141-142 °C; 1H NMR
(DMSO) δ 0.77-0.87 (24H, m), 1.11-1.29 (2H, m), 1.36 (9H,
s), 1.69-2.12 (6H, m), 3.85 (3H, s), 3.85 (1H, dd), 4.20 (2H,
m), 4.84 (1H, dd), 6.72 (1H, d), 8.17 (1H, d), 8.33 (1H, d), 8.82
(1H, d); MS m/z 658 (M+ + Na+). Anal. (C30H52F2N4O8) C, H,
N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-cyclohexyl-3-oxohexanoyl]-L-valyl]-L-isoleucine
methyl ester (6e): 95%; mp 95-97 °C; 1H NMR (CDCl3) δ
0.81-1.10 (20H, m), 1.11-1.26 (4H, m), 1.45 (9H, s), 1.55-
1.81 (7H, m), 1.82-2.08 (4H, m), 2.26 (1H, m), 3.83 (3H, s),
3.90 (1H, dd J ) 9 Hz, and 9 Hz), 4.09 (1H, dd J ) 9 Hz, and
7.5 Hz), 4.23 (1H, br), 4.70 (1H, dd J ) 9 Hz, and 9 Hz), 5.08
(1H, d J ) 8.5 Hz), 6.47 (1H, d J ) 9 Hz), 7.54 (1H, d J ) 6
Hz), 8.24 (1H, br); MS m/z 698 (M+ + Na+). Anal. (C33H56F2-
N4O8‚H2O) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3-oxopentanoyl]-L-valyl]-L-isoleucine ethyl ester
(6f): 85%; mp 142-144 °C; 1H NMR (DMSO) δ 0.85 (18H, m),
1.17 (2H, t J ) 7.0 Hz), 1.26 (3H, d J ) 7.1 Hz), 1.38 (9H, s),
1.79 (1H, m), 1.91 (1H, m), 2.04 (1H, m), 3.82 (1H, m), 4.09
(2H, m), 4.21 (2H, m), 4.72 (1H, m), 6.68 (1H, d J ) 9.0 Hz),
8.34 (1H, d J ) 7.7 Hz), 8.54 (1H, br), 8.87 (1H, d 7.5 Hz); MS
608 m/z (M + H+). Anal. (C28H48F2N4O8) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3-oxopentanoyl]-L-valyl]-L-isoleucine benzyl ester
(6g): 97%; mp 155-158 °C; 1H NMR (DMSO) δ 0.80 (16H, m),
1.17 (1H, m), 1.26 (3H, d J ) 7 Hz), 1.38 (9H, s), 1.85 (2H, m),
2.05 (1H, m), 3.82 (1H, dd J ) 7.5 and 8.5 Hz), 4.25 (2H, m),
4.72 (1H, dd J ) 6 and 7 Hz), 5.12 (2 H, s), 6.68 (1H, d J ) 9
Hz), 7.35 (5H, m), 8.39 (1H, d J ) 8 Hz), 8.53 (1H, d J ) 5
Hz), 8.82 (1H, d J ) 7 Hz); MS 670 m/z (M + H+). Anal.
(C33H50F2N4O8) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3-oxopentanoyl]-L-valyl]-L-isoleucine methyl-
amide (6h): 69%; mp 188-190 °C dec; 1H NMR (DMSO) δ
0.76-0.85 (18H, m), 1.03-1.20 (4H, br m), 1.23 (3H, d J ) 5.5
Hz), 1.36 (9H, s), 1.52-1.75 (2H, m), 2.55 (3H, d J ) 4.3 Hz),
3.76 (1H, dd J ) 7.3 and 8.2 Hz), 3.93-4.21 (2H, m), 4.31(1H,
dd J ) 7.9 and 6.9 Hz), 6.76 (1H, br), 7.8-8.2 (3H, br m). Anal.
(C27H47F2N5O7‚1.25MeOH) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-3-oxopentanoyl]-L-valyl]-L-isoleucine dimethyl-
amide (6i): 89%; mp 95-97 °C; 1H NMR (DMSO) (as a
mixture of ketone and hydrate) δ 0.82 (17H, m), 1.09 (2H, m),
1.23 (3H, d J ) 7.1 Hz), 1.37 (9H, s), 1.48 (1H, m), 1.76 (1H,
br), 1.97 (2H, m), 2.83 (3H, s), 3.07 (3H, s), 3.80 (1H, m), 4.14
(1H, m), 4.31 (1H, m), 4.56 (1H, m), 4.69 (1H, m), 6.71 (1H, d
J ) 8.7 Hz), 6.79 (1H, m), 6.94 (1H, m), 7.55 (1H, d J ) 8.2
Hz), 7.94 (1H, d J ) 9.0 Hz), 8.18 (1H, d J ) 8.5 Hz), 8.25

(1H, d J ) 8.5 Hz), 8.55 (1H, d J ) 4.7 Hz), 8.83 (1H, d J )
8.7 Hz); MS 606 m/z (M + H+). Anal. (C28H49F2N5O7‚1.5MeOH)
C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)-L-valyl]amino-2,2-di-
fluoro-5-cyclohexyl-3-oxohexanoyl]-L-valyl]-L-isoleu-
cine benzyl ester (6j): 89%; mp 150-152 °C; 1H NMR
(CDCl3) δ 0.81-1.10 (20H, m), 1.11-1.26 (4H, m), 1.45 (9H,
s), 1.55-1.81 (7H, m), 1.82-2.08 (4H, m), 2.26 (1H, m), 3.90
(1H, dd J ) 9 Hz, and 9 Hz), 4.09 (1H, dd J ) 9 Hz, and 7.5
Hz), 4.23 (1H, br), 4.70 (1H, dd J ) 9 and 9 Hz), 5.08 (1H, d
J ) 8.5 Hz), 5.15 (1H, d J ) 12 Hz), 5.25 (1H, d J ) 12 Hz),
6.47 (1H, d J ) 9 Hz), 7.37 (5H, m), 7.54 (1H, d J ) 6 Hz),
8.24 (1H, br); MS 774 m/z (M+ + Na+). Anal. (C39H60F2N4O8‚
H2O) C,H,N.

[4(S)-[[(N-tert-Butoxycarbonyl)amino]-2,2-difluoro-5-
cyclohexyl-3-oxohexanoyl]-L-valyl]-L-isoleucine methyl
ester (7): obtained according to general method from 4e;
hygroscopic oil; 78%; 1H NMR (CDCl3) δ 0.84-1.03 (14H, m),
1.10-1.36 (6H,br m), 1.43 (9H, s), 1.56-1.98 (8H, br m), 2.16
(1H, m), 3.74 (3H, s), 4.32 (1H, dd J ) 7.5 and 7.8 Hz), 4.59
(1H, dd J ) 8.2 and 8.4 Hz), 4.95 (1H, br), 5.4 (1H, br), 6.47
(1H, d J ) 8.4 Hz), 7.32 (1H, d J ) 8.4 Hz); MS 598 m/z (M +
Na+). Anal. (C28H47F2N3O7‚H2O) C,H,N.
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