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In the synthesis of peptidomimetics containing R-hydroxy-â-amino acid, the coupling of this Nâ-
protected â-amino acid with amine components was generally performed without the protection of
its R-hydroxyl group. However, the formation of dipeptides in low yield was often observed when
sterically hindered amine components were used. Boc-Apns-OH [Apns: (2S,3S)-3-amino-2-hydroxy-
4-phenylbutanoic acid, allophenylnorstatine] (6), which is one of such â-amino acid derivatives, is
intensively employed as a core structure in the development of HIV-1 protease inhibitors. There
have been no precise studies, to date, that have examined amide bond formation with R-hydroxy-
â-amino acid derivatives as an acyl component. To determine the cause of this low-yield reaction,
we studied the amide bond formation focusing on the activation step of Nâ-protected R-hydroxy-
â-amino acid by using a model coupling reaction between 6 and H-Dmt-OR [Dmt: (R)-5,5-dimethyl-
1,3-thiazolidine-4-carboxylic acid] (7). A significant amount of homobislactone 9 was formed through
the activation of the carboxyl group of 6 to the benzotriazole-type active esters such as OBt and
OAt. In addition, this homobislactone formation was markedly increased in the presence of a
catalytic amount of a base, which exhibited good correlation with the low yield of the amide bond
formation, suggesting that homobislactone formation is one major reason for the low yield of the
amide bond formation. Moreover, homobislactones were also formed in other derivatives of the
Nâ-protected R-hydroxy-â-amino acid, suggesting a common feature of this type of amino acids.
The use of a strong activation method like EDC-HOAt without base addition enhanced amide
bond formation, although a small amount of homobislactone may be formed during the coupling
reaction.

Introduction

R-Hydroxy-â-amino acids are well-known as inhibitory
machinery involved in the development of protease
inhibitors. Representative derivatives include 3-amino-
2-hydroxy-4-phenylbutanoic acid (AHPBA) and 3-amino-
2-hydroxy-5-methylhexanoic acid (AHMHA), which can
recognize the active site of proteases. Bestatin (1),1 an
aminopeptidase B and leucine-aminopeptidase inhibitor,
and amastatin (2),2 an aminopeptidase A inhibitor, are
naturally occurring compounds containing AHPBA and
AHMHA with one and three amino acid residues to the
C-terminal of these residues, respectively. In a search

for potent aspartyl protease inhibitors, compounds with
(2S,3S)-AHPBA (allophenylnorstatine; Apns) as a P1
moiety were recently found to exhibit potent inhibitory
efficacy against HIV-1 protease (3-5). Apns is known to
interact with two aspartic acid residues of the active site
by forming a stable transition-state intermediate, thus
leading to potent inhibition of HIV-1 protease, which then
inhibits replication of the causative agent of AIDS.3-5

Since the presence and the correct absolute configu-
ration of the AHPBA residue in each of the compounds
are crucial for the biological activities of these com-
pounds, many stereoselective synthetic strategies have
been reported.6 These methods have effectively contrib-
uted to the synthesis of 1, which contains (2S,3R)-
AHPBA, referred to as Ubenimix,7 a clinical chemo-
therapy agent for cancer, and KNI-764 (4, JE-2147),
which contains Apns, a potent HIV-1 protease inhibitor
in phase I clinical study for AIDS therapy.3
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For the synthesis of these compounds, the coupling of
Nâ-protected AHPBA with amine components has been
performed with the R-hydroxyl group of AHPBA unpro-
tected by assuming the low reactivity of this secondary
hydroxyl group. The yield of the amide bond formation
is dependent on the nature of the amine component. In
the case of sterically hindered amine components, the
yield is relatively low compared to that of nonsterically
hindered amine components probably because of steric
hindrance.3-5,8 Nevertheless, it has been reported that
there are no problems in peptide bond formation with
R-hydroxy-â-amino acid derivatives as an acyl compo-
nent.

In our ongoing efforts for the synthesis of effective
HIV-1 protease inhibitors (in accordance with compound

4), low yields were often observed during the condensa-
tion of Boc-Apns-OH (6) with C-terminal-modified Dmt
[(R)-5,5-dimethyl-1,3-thiazolidine-4-carboxylic acid] (7)
residues yielding Boc-Apns-Dmt-R (8) (Scheme 1). Our
preliminary observations were as follows: (1) the yield
of 8 with H-Dmt-amide was better than with H-Dmt-
ester, (2) during workup or in gram-scale reaction
mixtures, an insoluble white precipitate is often formed,
(3) the yield is influenced by the addition of base and the
reaction seems to be better under acidic conditions rather
than the normally used neutral or basic conditions, and
(4) coupling using the BOP method9 seems less effective
than the EDC-HOBt method.10

With the increase in demand for the development of
new aspartyl protease inhibitors such as â-secretase
inhibitors,11 malarial aspartyl protease inhibitors12 and
HTLV (human T cell leukemia virus)-1 protease inhibi-
tors,13 compounds with R-hydroxy-â-amino acid deriva-
tives would be more significant from a medicinal chem-
istry point of view. Henceforth, a precise analysis of the
condensation reaction of the AHPBA unit with sterically
hindered P1′ units will be of great value for the synthesis
and development of protease inhibitors. Because of the
low yield in the condensation step, two aspects must be
considered. These include (i) activation of the acyl
component (R-hydroxy-â-amino acid derivatives) and (ii)
reactivity of the amine component. In the present study,
we have focused on the activation step of the acyl
component and considered the side reaction, which occurs
during the activation, using a model reaction between
Boc-Apns-OH (6) and H-Dmt-R (7).3

Results and Discussion

Many methods for peptide bond formation with geneti-
cally coded amino acids have already been developed, and
some of them are utilized in an automated-solid phase
synthesizer to prepare peptides and proteins. On the
other hand, there is increasing diversified requirement
in peptide chemistry for the preparation of peptidomi-
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metics with nongenetically coded and/or unnatural amino
acids. In the amide bond formation with these special
amino acid residues, unexpected side reactions should be
carefully taken into account. The case of R-hydroxy-â-
amino acid derivatives is one of many such examples.

In our ongoing search for HIV-1 protease inhibitors,
Apns-Dmt is considered as the core unit, based on the
transition state analogue theory. Boc-Apns-Dmt-R (8) is
a synthetic key intermediate compound, which is gener-
ally prepared from Boc-Apns-OH (6) and HCl‚Dmt-R
(HCl‚7) by employing either the EDC-HOBt or the BOP
method in coupling reactions. The Dmt residue is a highly
constrained amino acid with a secondary amino group
and a geminal dimethyl group on the thiazolidine ring;
accordingly, we selected this core structure as a model
for the analysis of the sterically hindered amide bond
formation in Nâ-protected R-hydroxy-â-amino acid de-
rivatives.

Formation of Boc-Apns-Dmt-R (8) in a Conven-
tional Manner. The effect of the two conventional
coupling methods mentioned above on the yield of 8 was
studied with 7‚HCl containing different R moieties
(Scheme 1). Triethylamine was used for in situ neutral-
ization of the HCl salt of 7. As shown in Table 1, the
isolation yields of 8 after column chromatography on
silica gel were, in general, relatively low. The EDC
method gave higher yields compared to the BOP method
in all cases. Interestingly, the yields were also influenced
by the C-terminal structure of the amine components.
The benzyl- and methylamide structures produced higher
yields compared to the corresponding esters in both
coupling methods. These results indicate that the reac-
tivity of the amine component is affected by the C-
terminal structure, and the amide structure is preferable
to attain higher yields. The reason for the low reactivity
of H-Dmt-OR is unclear.

Formation of Homobislactone during Activation
of Boc-Apns-OH. During the above coupling reaction
or subsequent workup for the preparation of 8, we fre-
quently observed the production of an insoluble precipi-
tate in both the aqueous and organic layers. To deter-
mine its chemical structure, we analyzed the precipitate
using physicochemical methods and found it to be a ho-
mobislactone 9 with an energetically favorable symmetric
six-membered ring structure derived from two 6 mole-
cules. This result clearly indicated that a side reaction
occurred during the amide bond formation, which was
caused by the activation of the secondary R-hydroxyl
group of 6, suggesting that this R-hydroxyl group is reac-
tive under the conditions required for amide bond forma-
tion. Two hydrophilic carbamate moieties and the rigid
hydrophobic homobislactone structure of 9 may contrib-
ute to its insolubility in both organic and aqueous
solvents.

Formation of Homobislactone under Different
Coupling Conditions. To evaluate the mechanism by

which 9 is formed and to find a suitable coupling method
to circumvent this side reaction, we first carried out the
HPLC analysis of the formation of 9 by the activation of
6 with different types of coupling agents and additives
in the presence or absence of a base. As coupling agents,
we used EDC‚HCl, BOP, 2-chloro-1,3-dimethylimidazo-
lidium hexafluorophosphate (CIP),14 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU),15 and (benzotriazolyloxy)tripyrrolidinophos-
phonium hexafluorophosphate (PyBOP),16 and as addi-
tives, 1-hydroxybenzotriazole hydrate (HOBt‚H2O), 1-hy-
droxy-7-azabenzotriazole (HOAt),17 3-hydroxy-4-oxo-3,4-
dihydro-1,2,3-benzotriazine (HODhbt),18 N-hydroxysuccini-
mide (HOSu),19 and 4-(dimethylamino)pyridine (DMAP).
In addition, Et3N and N,N′-diisopropylethylamine (DIEA)
were used as the base in varying proportions depending
on the type of coupling agents.

As shown in Table 2, 9 was not formed when only EDC
was employed. However, the addition of additives such
as HOAt, HOBt, and DMAP resulted in a significant
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Table 1. Synthetic Yield (%)a of Boc-Apns-Dmt-R (8)

-R

reagents -NHBzl -OBzl (12) -NHMe -OMe

EDC-HOBtb 69 40 78 31
BOPc 43 13 54 17

a Isolation yield. b Reaction conditions: 6 (1.1 equiv), 7‚HCl (1.0
equiv), HOBt (1.1 equiv), EDC‚HCl (1.1 equiv), Et3N (1.0 equiv),
DMF, rt, 16 h. c Reaction conditions: 6 (1.1 equiv), 7‚HCl (1.0
equiv), BOP (1.1 equiv), Et3N (2.5 equiv), DMF, rt, 16 h.

Table 2. Homobislactone 9 Formation under Various
Coupling Conditions

coupling
agents additives

Et3N
(equiv)

DIEA
(equiv)

formation
of 9 (%)a

EDCb 0
EDC 1.0 0
EDC HOAtc 6.0 ( 0.4
EDC HOAt 1.0 47.6 ( 1.2
EDC HOAt 1.0 48.7 ( 1.1
EDC HOBtd 6.0 ( 0.2
EDC HOBt 1.0 42.4 ( 1.2
EDC HOBt 1.0 41.2 ( 0.2
EDC HODhbte <1.0
EDC HODhbt 1.0 33.3 ( 2.1
EDC HOSuf 0
EDC HOSu 1.0 3.3 ( 0.4
EDC DMAPg 3.1 ( 0.2
EDC DMAP 1.0 <1.0
BOPi HOBt 2.0 54.5 ( 3.6
PyBOPj HOBt 2.0 58.9 ( 1.6
HBTUk 2.0 24.1 ( 2.8
CIPh 0
CIP 2.0 0
CIP 3.0 2.1 ( 0.4
CIP HOAt 2.0 <1.0
CIP HOAt 3.0 43.2 ( 1.6

a Yields were calculated by HPLC analysis using a working
curve from the standard DMF solution of homobislactone, which
was analyzed using the same HPLC conditions. Values are the
mean value of three independent experiments with the standard
error of the mean (SEM). b EDC: 1-ethyl-3-(3,3-dimethylamino-
propyl)carbodiimide hydrochloride. c HOAt: 1-hydroxy-7-azaben-
zotriazole. d HOBt: 1-hydroxybenzotriazole. e HODhbt: 3-hydroxy-
3,4-dihydro-4-oxo-1,2,3-benzotriazine. f HOSu: N-hydroxysuccini-
mide. g DMAP: 4-(dimethylamino)pyridine. h CIP: 2-chloro-1,3-
dimethyl-2-imidazolinium hexafluorophosphate. i BOP: benzotria-
zole-1-yl-oxy-tris(dimethylamino)phosphonium hexafluorophos-
phate. j PyBOP: (benzotriazolyloxy)tripyrrolidinophosphonium
hexafluorophosphate. k HBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate. Reaction conditions:
Boc-Apns-OH (1 equiv), coupling agent (1.0 or 1.2 equiv depending
on the type of coupling agents), additive (1 equiv when used), Et3N
or DIEA (varying amounts depending on the type of coupling
agents; see Table 1) in DMF solution (total volume of 2 mL), rt, 2
h.
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formation of 9, indicating that the formation of 9 is
influenced by the addition of additives, with HOAt and
HOBt being a strong promoter. On the other hand, the
addition of HODhbt showed only a trace amount of 9 and
the addition of HOSu did not result in 9 formation. The
compound 9 was also not detected on TLC with ninhydrin
staining in the latter case. These results indicated that
the yield of 9 in the presence of additives decreased in
the order HOBt ) HOAt > DMAP > HODhbt g HOSu.

Next, we examined the effect of base addition on the
formation of 9. Homobislactone formation was markedly
increased by the addition of a base in conjunction with
all of the above-mentioned additives except for DMAP,
which reduced 9 formation (<1%), and HOSu, which
exhibited only 3% formation of 9. More than 40% of 6
was converted to 9 in the EDC-HOBt and -HOAt
methods in the presence of 1 equiv of Et3N or DIEA. In
the case of HODhbt, 33% formation of 9 was observed in
the presence of Et3N, although only a trace amount of 9
was detected in the absence of the base. Thus, the extent
of 9 formation promoted by additives in the presence of
Et3N decreases in the order HOAt g HOBt > HODhbt
. HOSu > DMAP.

A high-yield generation of 9 was also observed in the
BOP-HOBt, PyBOP-HOBt, and HBTU methods, which
utilize the agents responsible for the conversion of a
carboxylic acid into the corresponding HOBt esters
directly in the presence of a tertiary amine. In the BOP
and PyBOP methods, more than 50% of 6 was converted
to homobislactone 9.

We also examined CIP, an effective coupling agent
developed in our laboratory for amide bond formation
with sterically hindered amino acids. No homobislactone
was formed with 0-2 equiv of Et3N in the absence of
additives, i.e., conditions that CIP could effectively
promote the symmetrical anhydride of 6, although 2% of
9 was formed in the presence of 3 equiv of Et3N. On the
other hand, in the presence of HOAt, under conditions
that CIP promotes the formation of the HOAt ester of 6,
the use of 2 equiv of a base resulted in the formation of
only a trace amount of 9. However, the addition of 3 equiv
of Et3N markedly increased 9 formation comparable to
that of EDC-HOBt or -HOAt with the addition of 1
equiv of Et3N. Since 2 equiv of a base is consumed for
the neutralization of hexafluorophosphate and the re-
sulted chloride cations in the CIP case, 3 equiv of the
base in the system may be equal to 1 equiv of the base
in the EDC-additive systems.

From these studies, activation with EDC or CIP
resulted in almost no homobislactone formation inde-
pendent of Et3N (Table 1), suggesting that EDC or CIP-
activated species such as the symmetric anhydride of Boc-
Apns-OH are not involved in the formation of homobislac-
tone. On the other hand, the addition of additives such
as HOBt and HOAt significantly increased homobislac-
tone formation, although HODhbt and HOSu hardly
promoted the formation. The marked homobislactone
formation upon the addition of 1 molar equiv of a base
observed in the case of HOAt, HOBt, and HODhbt
indicates that benzotriazole- and benzotriazine-type ac-
tive esters specifically contribute to the formation of
homobislactone 9. This was also seen in the case of the
BOP, PyBop, and HBTU methods and in the case of the
CIP-HOAt methods with 3 equiv of the base.

One possible explanation for the homobislactone for-
mation arising from benzotriazole- and benzotriazine-

type active esters is thought to be the neighboring-group
participation of the nitrogen atom in these esters. In the
case of HODhbt, the formation of a small amount of
homobislactone 9 was observed, which might be due to
the low electron density prevailing over the nitrogen atom
due to the existence of an electron-withdrawing carbonyl
group. This observation is also supported by the extent
of homobislactone formation among active esters, con-
sistent with the known reactivity of each ester in the
amide bond formation (HOAt > HOBt > HOSu).10,17,18,20

Effect of Base Concentration on Homobislactone
Formation. Since the above results indicate that the
addition of a base significantly increased homobislactone
formation, to determine the role of the added base, we
studied the effect of Et3N concentration on the formation
of 9 based on four coupling methods, i.e., the EDC-HOAt,
EDC-HOBt, EDC-HODhbt, and CIP-HOAt methods.
The amount of Et3N varied from 0 to 4 equiv except for
the CIP-HOAt method, where 0-5 equiv was used, and
the formation of 9 in the reaction mixture after 2 h was
analyzed by HPLC.

As shown in Figure 1A, the formation of homobislac-
tone varied with increasing amount of Et3N in the EDC-
HOAt method. In particular, the addition of a small
amount of Et3N (0.1 equiv) still resulted in the formation
of a substantial amount of 9 (33%), which reached a
maximum (44%) at 1 equiv of Et3N. Interestingly, further
addition of Et3N decreased the yield of 9 with increased
formation of a more hydrophilic compound (as seen in
the HPLC analysis). A similar profile was also observed
in other coupling methods (Figure 1B,C), indicating that
formation of 9 proceeds via a common mechanism ir-
respective of the coupling methods employed. Structural
analysis of this unknown product revealed that this
compound 10 was a half-ester dimer of 6. The maximum
production of 10 occurred with addition of around 2.5
equiv of Et3N and gradually decreased with further
addition of Et3N. Most of 6 was converted to homobis-
lactone or the half-ester dimer in the presence of 1.5-
2.5 equiv of Et3N in the EDC-additive methods. With the
addition of a larger amount of Et3N, HPLC chromato-
grams showed some minor peaks corresponding to the
molecular weights of the tandemly linked trimer and
tetramer of 6, as detected by mass analysis (data not
shown). The CIP-HOAt method also significantly in-
creased homobislactone formation with more than 2 equiv
of Et3N similar to other coupling methods (Figure 1D).

These results indicate that a small amount of a base
can accelerate the homobislactone 9 formation in all cases
tested (Figure 1), suggesting that the base catalyzes
homobislactone formation in conjunction with benzotria-
zole- and benzotriazine-type additives. However, the
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formation of homobislactone reached the maximum at
almost 1 equiv of base addition, and further addition of
the base decreased the formation of homobislactone and
caused the formation of the half-ester dimer of Boc-Apns-
OH, which was the predominant product, the amount of
which was inversely proportional to the homobislactone
formation. This is probably due to the presence of a small
amount of water molecules, which hydrolyze the active
ester resulting in half-ester formation in the presence of
a larger amount of the base.

On the basis of these findings, we postulate that homo-
bislactone 9 formation could be explained by the following
mechanism (Figure 2). Activation by EDC results in the
formation of the Boc-Apns-OBt ester, wherein the R-hy-
droxyl group attacks the activated carbonyl group of an-
other active ester molecule through the electron-donating
influence of the active ester nitrogen (neighboring-group
participation), resulting in the formation of a dimer (II).
The base can abstract a proton from the R-hydroxyl
group, which can further attack the carbonyl, resulting
in the formation of an energetically favorable six-mem-
bered ring homobislactone with the elimination of an
HOBt molecule (route A). On the other hand, higher base
concentrations increased the water-mediated destruction
of the active ester in the dimer (II), which results in the
formation of the half-ester dimer 10 (route B).

Effect of Homobislactone Formation on the Yield
of Boc-Apns-Dmt-OBzl (12). To determine the effect
of homobislactone formation on the amide bond forma-
tion, a coupling reaction between Boc-Apns-OH and
H-Dmt-OBzl (11) to form Boc-Apns-Dmt-OBzl (12) was
carried out using the EDC method with three different
additives, HOAt, HODhbt, and HOBt. H-Dmt-OBzl was
used as an amine component instead of its hydrochloric
acid salt in order to avoid in situ neutralization with the
base. After 24 h reaction at room temperature, the
formation of 12 was detected by HPLC. Increasing the
amount of added Et3N resulted in a dose-dependent
inhibition of 12 production, and a complete inhibition of
the production was observed in the presence of more than
1.5 equiv of Et3N in all cases tested (Figure 3). These
results correlate closely with those obtained for the
accelerated formation of both homobislactone and the
half-ester dimer with increased base concentration, sug-(20) Hudson, D. J. Org. Chem. 1988, 53, 617.

Figure 1. Effect of base concentration on the homobislactone 9 formation. This experiment was carried out using almost the
same procedure mentioned in Table 2 but with different Et3N concentrations (0-4 equiv in every coupling method except for the
CIP-HOAt method; 0-5 equiv). Yields of 9 and 10 were calculated by HPLC analysis using a working curve from the standard
DMF solution of the respective compound, which was analyzed under the same HPLC conditions.
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gesting that homobislactone formation is one major
reason for the low yield in the amide bond formation with
R-hydroxy-â-amino acid.

The effect of additives on the formation of 12 was
slightly different from the homobislactone 9 formation
mentioned above. The level of 12 formation decreases in
the order HOAt > HODhbt > HOBt with these three
additives studied.

Optimization of Boc-Apns-Dmt-OBzl Formation
(12). To optimize the reaction conditions for 12 on the
basis of the above findings, the reaction was performed
under conditions that minimized homobislactone produc-
tion.

As shown in Table 3, higher yield was obtained using
the EDC-HOAt, EDC-HODhbt and CIP-HOAt meth-
ods, and the efficacy was in the order HOAt > HODhbt
> HOBt. Although the EDC and CIP methods rarely
showed homobislactone 9 formation, the reaction with
only the EDC or CIP reagent was ineffective for the
amide bond formation probably due to the lower reactiv-
ity of the activated carboxyl group, suggesting that
appropriate additives are required to increase the reac-
tivity of the acyl component.

The addition of additives effectively improved the yield
of the desired dipeptide in both methods. The EDC-
additive method showed preferable yields for the CIP-
additive method with all additives tested. Although the
reason for the difference between the two reagents is not
known, the EDC method seems to have some advantages,

Figure 2. Proposed mechanism for the formation of homobislactone 9 and half-ester dimer 10.

Figure 3. Effect of base concentration on the yield of Boc-
Apns-Dmt-OBzl (12). Yields were calculated based on HPLC
analysis using a working curve from the standard DMF
solution of 12, which was analyzed by the same HPLC system.
Reaction conditions: To a solution of 6 (100 mg, 0.34 mmol)
and 11 (127 mg, 0.51 mmol) in DMF were added Et3N (0.1,
0.25, 0.5, 1, 1.5, 2, 2.5, or 3 equiv), additive (HOBt, HOAt, or
HODhbt, 0.34 mmol), and EDC‚HCl (65 mg, 0.34 mmol) to a
total volume of 2 mL, and the mixture was stirred at room
temperature for 24 h.

Table 3. Yield (%)a of Boc-Apns-Dmt-OBzl (12) Using
Various Coupling Procedures

coupling agents additives Et3N (equiv) yielda (%)

EDCb,c 4.4 ( 0.2 (15)
EDC HOAtb 86.7 ( 5.1 (92)
EDC HODhbtb 66.9 ( 1.4 (75)
EDC HOBtb 57.3 ( 6.2 (64)
CIPb,d 2.0 2.0 ( 0.8
CIP HOAt 2.0 72.8 ( 7.2
CIP HODhbt 2.0 51.2 ( 1.1
CIP HOBt 2.0 37.8 ( 2.5

a HPLC yields, which were calculated based on HPLC analysis
using a working curve from the standard DMF solution of 12,
which was analyzed using the same HPLC conditions. Values are
mean ( SEM of three experiments. Isolation yields (%) are shown
in parentheses. b Abbreviations, see Table 2. c Reaction conditions:
6 (1.0 equiv), 11 (1.5 equiv), additive (1.0 equiv), EDC‚HCl (1.0
equiv) in DMF solution (total volume of 2 mL), rt, 24 h. d Reaction
conditions: 6 (1.0 equiv), 11 (1.5 equiv), additive (1.0 equiv), CIP
(1.2 equiv), Et3N (2.0 equiv) in DMF solution (total volume of 2
mL), rt, 24 h.
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namely, the reaction can progress without a base, while
in the CIP method, the use of a base even in small excess
increases homobislactone formation. The EDC-HOAt
method produces about 6% homobislactone in the absence
of Et3N and the amine component, and the observed high-
yield production of 12 may be due to its strong activation
of the corresponding carboxylic acid for amide bond
formation. This conclusion is also supported by the result
showing that the addition of HOBt, which is known to
be a weaker agent than HOAt, gave only a moderate
yield. These results indicate that the EDC-HOAt method
is one of the best procedures among the known coupling
methods used here for the preparation of 12 and that the
interference of a small amount of homobislactone produc-
tion in the coupling reaction is negligible.

Homobislactone Formation in Other Nâ-Pro-
tected r-Hydroxy-â-amino Acid Derivatives. Next,
to determine the generality of homobislactone formation,
we investigated the activation of two other Nâ-protected
R-hydroxy-â-amino acid derivatives, i.e., Boc-Pns-OH
[Pns: phenylnorstatine, (2R,3S)-AHPBA] and Boc-Chns-
OH [Chns: cyclohexylnorstatine, (2R,3S)-3-amino-2-hy-
droxy-4-cyclohexylbutanoic acid], using the reaction con-
ditions of EDC, HOAt, and Et3N (1 equiv each) in DMF
at room temperature for 2 h. On the basis of HPLC
analysis of the reaction mixture, the formation of homo-
bislactones was observed in 48 and 44% yields for Boc-
Pns-OH and Boc-Chns-OH, respectively. The extent of
the homobislactone formation was similar to that of Boc-
Apns-OH under the same reaction conditions, suggesting
that homobislactone formation in Nâ-protected R-hy-
droxy-â-amino acid seems to be a common feature and it
could be formed easily when amine components with low
reactivity are used.

Conclusion

As one of the core units of aspartyl protease inhibitors,
R-hydroxy-â-amino acid derivatives are important com-
pounds in medicinal chemistry. On the basis of the
analysis of peptide bond formation with these units as
acyl components in a model reaction, we found a signifi-
cant amount of homobislactone formation during activa-
tion of the carboxyl group via the benzotriazole- and
benzotriazine-type active ester formation of 6. Such
homobislactone formation was accelerated by a catalytic
amount of a base. The lower yield in the amide bond
formation is attributed mainly to the production of
homobislactone. Moreover, such homobislactone forma-
tion was a common feature prevalent when these R-hy-
droxy-â-amino acids were used as acyl components. A
strong activation method like EDC-HOAt without base
addition is recommended to increase the yield in the
amide bond formation for the synthesis of these R-hy-
droxy-â-amino acid derivatives for the development of
clinically important aspartyl protease inhibitors.

Experimental Section

General Information. All solvents were reagent grade and
dried prior to use. Column chromatography was performed
using 70-230 mesh silica gel. Melting points (mp) were not
corrected. 1H NMR spectra were recorded at 270 and 300 MHz,
and 13C NMR spectra were recorded at 67.5 and 75 MHz,
respectively. High-resolution mass spectra were performed
using the electron impact (EI) or fast atom bombardment
(FAB) method. HPLC was carried out using a Hitachi system

(L-6200) equipped with a UV/vis detector and an integrator.
The solvent system used for analytical HPLC was a binary
system: water containing 0.1% TFA and acetonitrile contain-
ing the same amount of TFA as the organic modifier.

General Procedure for Preparation of Boc-Apns-
Dmt-R (8) Using EDC-HOBt Method. To a solution of 6
(325 mg, 1.1 mmol) and HCl salt of H-Dmt-NH-Bzl (287 mg,
1.0 mmol) in DMF (5 mL) were added 1-hydroxybenzotriazole
(HOBt‚H2O, 168 mg, 1.1 mmol), Et3N (140 µL, 1.0 mmol), and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC‚HCl, 211 mg, 1.1 mmol) at 0 °C, and the mixture was
stirred at room temperature for 18 h. After removal of the
solvent in vacuo, the residue was dissolved in EtOAc (50 mL),
washed with 5% citric acid, 5% sodium bicarbonate, and
saturated NaCl, dried over Na2SO4, and concentrated in vacuo.
The residual oil was applied to a silica gel (20 g) column and
eluted with EtOAc-hexane (1:4) to yield 363 mg (69%) of Boc-
Apns-Dmt-NHBzl as a white solid: mp 89-91 °C; 1H NMR (270
MHz, DMSO-d6) δ 8.41 (t, J ) 6 Hz, 1H), 7.08-7.35 (m, 10H),
6.78 (d, J ) 9 Hz, 1H), 5.39 (d, J ) 7 Hz, 1H), 4.95 (dd, J ) 9,
15 Hz, 2H), 4.40 (s, 1H), 4.16-4.48 (m, 3H), 3.38-3.96 (m, 1H),
2.54-2.85 (m, 2H), 1.49 (s, 3H), 1.32 (s, 3H), 1.27 (s, 9H); 13C
NMR (67.5 MHz, DMSO-d6) δ 170.1 167.8, 155.0, 139.1, 129.3,
128.0, 127.7, 127.1, 126.5, 125.6, 77.6, 71.8, 71.5, 54.2, 51.1,
47.7, 42.2, 34.0, 30.0, 28.2, 24.7; HRMS (FAB) calcd for
C28H38N3O5S (M + H)+ 528.2532, found 528.2539. Anal. Calcd
for C28H37N3O5S‚0.5H2O: C, 62.66; H, 7.14; N, 7.83. Found:
C, 62.65; H, 7.08; N, 7.70.

A series of compounds 8 were prepared according to the
general procedure described for the preparation of Boc-Apns-
Dmt-NHBzl starting from 6 by coupling 7‚HCl with N-
methylamide, benzyl ester, and methyl ester.

Boc-Apns-Dmt-OBzl: white solid; mp 112-114 °C; 1H
NMR (270 MHz, CDCl3) δ 7.09-7.40 (m, 10H), 4.84-5.01 (m,
3H), 4.63 (s, 1H), 4.59-4.72 (m, 1H), 4.01-4.17 (m, 1H), 3.63
(br, 1H), 2.50-2.83 (m, 2H), 1.60 (s, 3H), 1.38 (s, 3H), 1.34 (s,
9H); 13C NMR (67.5 MHz, CDCl3) δ 170.4, 167.8, 155.6, 137.8,
134.9, 129.1, 128.6, 128.5, 128.4, 128.3, 126.2, 79.6, 71.7, 71.3,
67.3, 54.1, 51.5, 48.9, 28.6, 28.3, 25.3. HRMS (FAB) calcd for
C28H37N2O6S (M + H)+ 529.2372, found 529.2365. Anal. Calcd
for C28H36N2O6S‚0.25H2O: C, 63.08; H, 6.90; N, 5.25. Found:
C, 63.15; H, 6.65; N, 5.57.

Boc-Apns-Dmt-NHMe: white solid; mp 97-99 °C; 1H
NMR (270 MHz, DMSO-d6) δ 7.69 (q, J ) 5 Hz, 1H), 7.09-
7.32 (m, 5H), 6.76 (d, J ) 9 Hz, 1H), 5.36 (d, J ) 7 Hz, 1H),
4.92 (s, 1H), 4.26-4.36 (m, 1H), 4.28 (s, 1H), 3.79-3.95 (m,
1H), 2.59 (d, J ) 5 Hz, 1H), 2.54-2.81 (m, 2H), 1.48 (s, 3H),
1.30 (s, 3H), 1.28 (s, 9H); 13C NMR (67.5 MHz, DMSO-d6) δ
170.0, 168.1, 155.0, 139.0, 129.3, 127.7, 125.6, 77.6, 71.8, 71.3,
54.1, 51.0, 47.7, 34.2, 29.7, 28.2, 25.5, 24.7; HRMS (FAB) calcd
for C22H34N3O5S (M + H)+ 452.2219, found 452.2228. Anal.
Calcd for C22H33N3O5S‚0.5H2O: C, 57.37; H, 7.44; N, 9.12.
Found: C, 57.40; H, 7.32; N, 8.87.

Boc-Apns-Dmt-OMe: white solid; mp 56-57 °C; 1H NMR
(270 MHz, CDCl3) δ 7.11-7.34 (m, 5H), 4.84-5.01 (m, 3H),
4.68 (d, J ) 5 Hz, 1H), 4.61 (s, 1H), 4.05-4.17 (m, 1H), 3.75
(s, 3H), 3.64 (d, J ) 7 Hz, 1H), 2.54-2.83 (m, 2H), 1.64 (s,
3H), 1.48 (s, 3H), 1.34 (s, 9H); 13C NMR (67.5 MHz, CDCl3) δ
170.4, 168.4, 155.6, 137.8, 129.4, 129.0, 128.3, 128.2, 126.3,
79.6, 71.8, 71.5, 54.2, 52.4, 51.4, 48.9, 33.8, 28.6, 28.3, 25.4;
HRMS (FAB) calcd for C22H33N2O6S (M + H)+ 453.2059, found
453.2054. Anal. Calcd for C22H32N2O6S: C, 58.39; H, 7.13; N,
6.19. Found: C, 58.53; H, 7.18; N, 6.03.

The protocol carried out for the BOP method was similar to
that of the EDC-HOBt method except for the reaction
conditions with BOP reagent (1.1 equiv) instead of EDC‚HCl
and 2.5 equiv of Et3N.

Homobislactone 9: white solid; mp 226 °C dec; 1H NMR
(270 MHz, DMSO-d6) δ 7.37 (d, J ) 8 Hz, 2H), 7.44-7.13 (m,
10H), 5.49 (br, 2H), 4.33 (br, 2H), 2.90-2.65 (m, 4H), 1.30 (s,
18H); 13C NMR (67.5 MHz, DMSO-d6) δ 165.8, 154.9, 138.3,
128.8, 128.0, 126.1, 78.2, 77.8, 52.4, 33.9, 28.2; HRMS (FAB)
calcd for C30H39N2O8 (M + H)+ 555.2706, found 555.2699. Anal.
Calcd for C30H38N2O8: C, 64.97; H, 6.91; N, 5.05. Found: C,
64.96; H, 7.02; N, 5.25.
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Half-ester dimer of 6: white solid; mp 128-130 °C; 1H
NMR (300 MHz, DMSO-d6) δ 7.10-7.36 (m, 10H), 6.67 (d, J
) 8 Hz, 1H), 5.07 (d, J ) 4 Hz, 1H), 4.37 (d, J ) 3 Hz, 1H),
4.04-4.28 (m, 2H), 2.60-2.88 (m, 4H), 1.26 (s, 18H); HRMS
(FAB) calcd for C30H40N2O9Na (M + Na)+ 595.2632, found
595.2635. Anal. Calcd for C30H40N2O9‚2H2O: C, 59.20; H, 7.29;
N, 4.60. Found: C, 58.87; H, 7.00; N, 4.46.

Homobislactone of Boc-Pns-OH: white solid; mp 180.5-
182 °C; 1H NMR (270 MHz, DMSO-d6) δ 7.15-7.33 (m, 10H),
6.60 (d, J ) 8 Hz, 2H), 5.21 (d, J ) 4 Hz, 2H), 4.20-4.36 (m,
2H), 2.84 (d, J ) 7 Hz, 4H), 1.30 (s, 18H); 13C NMR (67.5 MHz,
DMSO-d6) δ 165.0, 155.0, 137.6, 129.5, 128.1, 126.2, 78.0, 75.7,
52.2, 36.4, 28.1; HRMS (FAB) calcd for C30H39N2O8 (M + H)+

555.2706, found 555.2700. Anal. Calcd for C30H38N2O8‚
0.5H2O: C, 63.93; H, 6.97; N, 4.97. Found: C, 63.71; H, 6.95;
N, 4.94.

Homobislactone of Boc-Chns-OH: white solid; mp 106-
107 °C; 1H NMR (270 MHz, DMSO-d6) δ 6.67 (d, J ) 9 Hz,
2H), 5.18 (d, J ) 4 Hz, 2H), 4.07-4.22 (m, 2H), 1.36, (s, 18H),
0.73-1.88 (m, 26H); 13C NMR (67.5 MHz, DMSO-d6) δ 165.35,
155.11, 77.85, 76.20, 47.42, 37.83, 33.50, 33.13, 32.04, 28.16,
26.09, 25.90, 25.74; HRMS (FAB) calcd for C30H51N2O8 (M +
H)+ 567.3645, found 567.3649. Anal. Calcd for C30H50N2O8: C,
63.58; H, 8.89; N, 4.94. Found: C, 63.31; H, 8.91; N, 5.29.

HPLC Analysis of Homobislactone 9 Formation under
Different Coupling Conditions. To a solution of 6 (100 mg,
0.34 mmol) in DMF were added a base (Et3N or DIEA), an
additive (HOBt‚H2O, HOAt, HODhbt, HOSu, or DMAP, 0.34
mmol), and a coupling agent (EDC‚HCl, CIP, BOP, PyBOP,
or HBTU) to a total volume of 2 mL, and the mixture was
stirred at room temperature for 2 h. Triethylamine was used
in various proportions depending on the type of coupling agent
(Table 2), and DIEA (0.34 mmol) was used in the EDC-HOAt
and -HOBt methods. The amount of coupling agents was 1.2
equiv (0.41 mmol) except for EDC‚HCl (1.0 equiv, 0.34 mmol).
Aliquots of samples were diluted with DMF and filtered using
a 0.2 µm PVDF membrane filter. A 10 µL portion of the
resultant filtrate was injected for HPLC. The solvent system
used for HPLC analysis consisted of a binary system: water
containing 0.1% TFA and acetonitrile containing the same
amount of TFA as the organic modifier. The dimensions of the
column used were 4.6 × 150 mm (YMC-pack ODS-AM). The
analytical conditions were a gradient of acetonitrile with 45%
for 2 min and then 45-80% for 30 min with 0.1% TFA at a
flow rate of 0.9 mL/min using 230 nm for detection. Homobis-
lactone 9 was eluted with a retention time of 22 min under
these conditions. The yield of homobislactone 9 was calculated
using a working curve from the standard DMF solution of
homobislactone 9, which was analyzed using the same HPLC
conditions. Data are expressed as the mean value of three
experiments with the standard error of the mean (SEM).
Homobislactone formation of Boc-Pns-OH and Boc-Chns-OH
was carried out using the EDC-HOAt method and

one equivalent of Et3N under the same reaction conditions
mentioned above. The same HPLC gradient conditions were
employed for the analysis of homobislactone from Boc-Pns-
OH. HPLC analysis of homobislactone from Boc-Chns-OH was
carried out using the same system, i.e., a gradient of acetoni-
trile of 55% for 2 min and then 55-80% for 30 min with 0.1%
TFA. Homobislactone was eluted at retention time of 28 min
under these conditions.

Effect of Base Concentration on Homobislactone 9
Formation. This experiment was carried out using almost
the same procedure mentioned above with 0-4 equiv of
triethylamine in every coupling method studied except for the
CIP-HOAt method (0-5 equiv). EDC-HOAt, -HODhbt,
-HOBt, and CIP-HOAt methods were employed. The forma-
tion of homobislactone was analyzed by HPLC using the
conditions described above. The formation of half-ester dimer
(10) arising from Boc-Apns-OH was analyzed by HPLC with
the same gradient conditions as those for the homobislactone
formation. A peak eluted at 18 min, which corresponds to 10,
was measured, and the yield of 10 was calculated by using a
working curve from the standard DMF solution of 10, which
was analyzed using the same HPLC conditions.

HPLC Analysis of Boc-Apns-Dmt-OBzl (12) Formation
under Various Coupling Conditions. To a solution of 6 (100
mg, 0.34 mmol) and 11 (127 mg, 0.51 mmol) in DMF were
added Et3N (0.1, 0.25, 0.5, 1, 1.5, 2, 2.5, or 3 equiv), additive
(HOBt‚H2O, HOAt, or HODhbt, 0.34 mmol), and EDC‚HCl (65
mg, 0.34 mmol) to a total volume of 2 mL, and the mixture
was stirred at room temperature for 24 h. Aliquots of samples
were diluted with DMF and filtered using a 0.2 µm PVDF
membrane filter. A 10 µL portion of the resulting filtrate was
injected to HPLC. The formation of 12 was analyzed by HPLC
using the same system mentioned above with a gradient of
acetonitrile of 15% for 2 min, then 15-35% for 4 min, 35-
40% for 4 min, 40-50% for 6 min, 50-65% for 4 min, and then
60-85% for 16 min with 0.1% TFA at a flow rate of 0.9 mL/
min with detection of absorbance at 230 nm. Compound 12
was eluted at 26 min under these conditions. The yield of 12
was calculated using a working curve from the standard DMF
solution of 12 that was analyzed using the same HPLC
conditions.
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