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Abstract—A series of inhibitors that bear a reversed hydroxamate moiety have been evaluated as transition state analogue inhibi-
tors for thermolysin. A linear correlation is observed between the Ki values of these inhibitors and the kinetic parameters (KM/kcat)
of the parallel series of related substrates, satisfying the criterion stipulated for transition state analogue inhibitors by Bartlett and
Marlowe. Furthermore, examination of the binding mode of a related reversed hydroxamate bearing thermolysin inhibitor, in
comparison with a transition state postulated for the enzyme-catalyzed proteolytic reaction revealed that the inhibitors under study
mimic the electronic as well as the geometric characteristics of the transition state. On the basis of these results it may be concluded
that the hydroxamate-bearing zinc protease inhibitors are a new type of transition state analogue inhibitors.
# 2003 Elsevier Ltd. All rights reserved.
Zinc proteases constitute one of largest families of pro-
teolytic enzymes.1 These enzymes carry a catalytically
essential zinc ion at their active site. Thermolysin (TLN,
EC 3.4.24.4) isolated from Bacillus thermoproteolyticus
is one of most extensively studied zinc proteases. Ther-
molysin cleaves the amino side peptide bond of the
amino acid residue having a hydrophobic side chain.2

The enzyme has been used as a model target enzyme for
developing inhibitor design strategies that can be trans-
ferred to zinc proteases of medicinal interests, such as
angiotensin converting enzyme3 and matrix metallopro-
teases.4 Most of small molecule inhibitors for the zinc
proteases are designed by incorporating a zinc ligating
group into a molecular scaffold that resembles substrate
so that it can be recognized by the enzyme and forms a
complex with it.5 Carboxylate, thiol and hydroxamate
are commonly used for such zinc-coordinating group.
Of these zinc ligating groups, hydroxamate occupies a
prominent position because of its strong chelating
property toward zinc ion. Another widely employed
design strategy involves construction of a small mol-
ecule whose structure can mimic a transition state in the
enzyme catalyzed reaction, and this approach has its
theoretical basis on the transition state theory proposed
for enzymic catalytic reactions.6 According to the the-
ory, enzyme lowers the activation energy in the enzymic
reaction by stabilizing a transition state along the reac-
tion path through stronger interactions relative to the
ground state of substrate.6 It is, therefore, expected that
chemically stable analogues of the transition state
would bind the enzyme more strongly than substrate
and thus inhibit the enzymic activity.7

Although the theoretical background for transition state
analogue inhibition is well founded, the transition state
analogue inhibitors has not been rigorously defined and
the terminology is used as a conceptual descriptor.
Thus, inhibitors are ordinarily classified as transition
state analogue inhibitors if they are designed in such a
way that they bear, in place of the scissile peptide bond,
a moiety that resembles structurally a postulated tran-
sition state in the enzymic reaction and exhibit such
kinetic features as a very low Ki value and slow inhibi-
tion rate. Recently, Bartlett and Marlowe8 have pro-
posed a criterion for testing transition state analogue
inhibitors: According to them, there exists a linear
correlation between Ki values for a series of transition
state analogue inhibitors and Km/kcat values for a par-
allel series of the corresponding substrates, as repre-
sented by eq 1:
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log Ki ¼ log ðKm=kcatÞ þ log dkuncat ð1Þ

Thus, for transition state analogue inhibitors, there is
obtained a straight line with a slope=1 when log Ki

values of a series of the transition state analogue inhib-
itors are plotted against log Km/kcat value for a series of
the corresponding substrates whose structures are
altered in such a way that the alteration does not affect
the rate of the noncatalyzed reaction.8,9 The criterion has
been successfully applied for assessing phosphorous-con-
taining substrate analogues as transition state analogue
inhibitors for TLN8,9 and carboxypeptidase A.10

Recently, we have reported that N-formyl-N-hydroxy-b-
phenylalanine N - methylamide (HCONOH - b - Phe -
NHMe) is a potent competitive TLN inhibitor having
the Ki value of 1.66�0.05 mM.11 It was thought to be of
interest to evaluate the reversed hydroxamate-bearing
TLN inhibitors as transition state analogue inhibitors
and we undertook the present study to find that inhibi-
tors of this type fulfill the criterion set forth by Bartlett
and Marlowe for transition state analogue inhibitors.

We chose to use the same series of tripeptide substrates
as those used by Bartlett and Marlowe8 for their study
for assessing phosphonamidates as transition state
mimics in the TLN-catalyzed proteolysis. These sub-
strates bear a l-Leu residue in common at the P1

0 site
and varied P2

0 residues. We have then synthesized a
series of hydroxamate-bearing inhibitors (1a–e), which
bear a l-Leu residue at the P1

0 site and the same series
of residues as those in the substrates at the P2

0 site.
The synthetic route for the preparation of the inhibitors
is outlined in Scheme 1. (3R)-N-Benzyloxy-3-isobutyl-2-
azetidine (2) that was prepared from 4-methylvaleric
acid in eight steps according to the method reported by
Jin and Kim11 was treated with methanol in the pres-
ence of trimethylsilyl chloride to give 3. N-Formylation
of the latter with sodium formate and acetic anhydride
in anhydrous formic acid gave 4. Treatment of 4 with
concentrated ammonium hydroxide in the presence of
isobutylchloroformate and N-methylmorpholine gave
5a which was converted into 1a by hydrogenolysis.
Similarly, treatment of 4 with an appropriate amino
acid in the form of a benzyl ester afforded 5b–e, which
were then subjected to hydrogenolysis to obtain 1b–e.12
Scheme 1. Reagents, conditions, and yield: (a) chlorotrimethylsilane (4 equiv), MeOH, rt, 2 h, 92%; (b) (i) 3 N HCl, reflux, 2 h; (ii) NaCO2H (1.2
equiv), Ac2O (3 equiv), HCO2H, rt, 12 h, 83%; (c) isobutylchloroformate, 4-methylmorpholine, NH4OH, rt, 6 h, 56%; (d) H2, Pd/C, MeOH, rt, 2 h,
88–95%; (e) isobutylchloroformate, 4-methylmorpholine, the desired amino acid benzyl ester, rt, 2 h, 65–78%.
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The compounds synthesized were assayed for TLN
inhibition. Inhibition constants (Ki values) were deter-
mined using N-[3-(2-furyl)acryloyl]-Gly-l-leucineamide
(FA-Gly-l-Leu-NH2) as substrate at pH 7.2 as descri-
bed in the literature13 and are collected in Table 1.
Inhibitor 1e having Phe at the C-terminal binds TLN
most tightly with the Ki value of 1.84 mM. Inhibition
constants for 1a and 1d are decreased by 29- and 208-
fold, respectively, compared with that of 1e, suggesting
that the amino acid residue at the P2

0 plays an important
role in binding of the inhibitors to TLN. Comparison of
the Ki values of the series of inhibitors with the Km

values of substrates in a parallel series is made graphi-
cally (Fig. 1). As can be seen in Figure 1, no correlation
is found between Ki values for the inhibitors and the Km

values of the corresponding substrates, indicating that
the inhibitors are not ground state analogues. However,
plotting of log Ki versus log Km/kcat according to eq 1
gives a straight line (Fig. 2), whose linear regression
yields a slope of 0.99 (R=0.98), which suggests strongly
that the reversed hydroxamate moiety in the inhibitors
may mimic a transition state or a high-energy inter-
mediate generated by the attack of a water molecule to
the scissile peptide bond of substrate in the enzymatic
proteolysis reaction pathway.

An additional evidence for support that hydroxamate
may mimic a transition state in the TLN-catalyzed pro-
teolytic reaction has been obtained by comparing the
binding mode of a hydroxamate-bearing inhibitor to
TLN with a postulated transition state in the enzymic
reaction. Mechanism of TLN-catalyzed proteolytic
reaction has been the subject of intensive investigations.
A variety of tools and methods such as X-ray crystal-
lographic studies,14 kinetic investigations,15 site directed
mutagenesis,16 interactive computer graphics,17 and
quantum chemical calculations18 have been employed in
the investigations, and numerous reaction pathways,
although differ each other only in minor detail, have
been proposed. All these proposed mechanisms postu-
late in common a tetrahedral gem-diolate transition
state that is generated by the nucleophilic attack of the
zinc-bound activated water molecule on the carbonyl
carbon of the scissile peptide bond. The carbonyl oxy-
gen of the scissile bond is formally uncharged in the
ground state, but acquires a negative charge as the
reaction proceeds, and the transition state is stabilized
via coordination with the active site zinc ion and
through hydrogen bonding with the imidazole of His-
231 as depicted schematically in Figure 3. The binding
mode of HCONOH-b-Phe-NHMe to TLN has been
revealed by the X-ray diffraction analysis of the com-
plex of TLN with the inhibitor.19 Figure 4 is a schematic
representation of the binding mode of HCONOH-b-
Phe-NHMe to TLN. It can be seen in Figure 4 that the
two oxygen atoms of the hydroxamate moiety bind the
zinc ion in a bidentate fashion with distances of 2.00
and 2.36 Å and the protonated carboxylate of Glu-143
is engaged in a hydrogen bonding with the carbonyl
oxygen of the inhibitor. The distance of 2.00 Å for the
bond between the N-hydroxyl oxygen and the zinc ion is
worthy of noting and suggests that the hydroxyl oxygen
Table 1. Kinetic constants for inhibition of thermolysin and ther-

molysin-catalyzed proteolysis
Inhibitor
 Ki (mM)
 Corresponding substratea
Ki (mM)
 Km/Kcat (mM/s)
1d
 383
 16.6
 3200

1a
 52.8
 20.6
 196

1b
 14.7
 10.87
 165

1e
 1.84
 2.4
 20

1c
 2.49
 10.6
 13.6
aFrom ref 21.
Figure 1.
Figure 2.
Figure 3.
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binds the zinc ion in a deprotonated form in reminis-
cence of the postulated diolate transition state.20 The
deprotonated hydroxyl oxygen of the hydroxamate is
hydrogen bonded to a nitrogen of the imidazole moiety
in His-231. The tetrahedrality of the zinc-bound hydro-
xamate moiety may be visualized by envisioning an
imaginary bond between the hydroxamate nitrogen and
the formyl oxygen, the distance of which is estimated to be
2.23 Å. This distance is considerably longer than a nor-
mal C–O bond but can be reconciled with the proposi-
tion that the hydroxamate may represent an early stage
of the postulated transition state. It may be thus infer-
red from the foregoing comparison that the reversed
hydroxamate moiety mimics the electronic as well as the
geometric characteristics of the transition state in the
enzyme catalyzed proteolytic reaction.
Conclusion

The linear correlation observed between Ki values and
Km/kcat for inhibitors 1a–e and the corresponding sub-
strates coupled with the binding feature of the reversed
hydroxamate in forming the TLN.HCONOH-b-Phe-
NHMe complex suggest strongly that compounds 1a–e
are a novel type of transition state analogue inhibitors
for TLN, and a hydroxamate moiety would mimic a
diolate transition state postulated for the TLN-cata-
lyzed proteolytic reaction pathway. The results of the
present study imply that many of reversed hydroxamate
as well as hydroxamate type inhibitors developed for
zinc proteases including MMPs may function as transi-
tion state analogue inhibitors.
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12. (R)-2-(N-(O-Benzyloxy)aminomethyl)-4-methylpentanoic
acid methyl ester hydrochloride (3). To the solution of 2 (9.0 g,
38.6 mmol) in anhydrous MeOH (100 mL) was added slowly
chlorotrimethylsilane (19.6 mL, 0.154 mol) under nitrogen
atmosphere. The resulting solution was stirred for 2 h and
evaporated under reduced pressure to afford a white solid,
which was recrystallized from methanol and ether to give a
white crystal (10.7 g, 92%). Mp 116.5–117 �C; [a]20

D +6.5� (c
0.65, DMSO); IR (KBr) 1738 cm�1; 1H NMR (DMSO-d6,
300 MHz) d 0.83 (q, 6H), 1.31–1.48 (m, 3H), 2.88 (m, 1H),
3.14–3.34 (m, 2H), 4.95 (s, 2H), 7.32–7.39 (m, 5H); 13C NMR
(DMSO-d6, 300 MHz) d 22.6, 23.5, 26.2, 40.0, 51.2, 52.5, 75.6,
129.4, 129.7, 129.8, 135.1, 174.9.
(R)-2-((N-(O-Benzyloxy)-N-formyl)aminomethyl)-4-methylpen-
tanoic acid (4). A mixture of 3 (10.0 g, 33.1 mmol) and 3 N
HCl (100 mL) was refluxed for 2 h, then evaporated under
reduced pressure to give (R)-2-(N-(O-benzyloxy)-
aminomethyl)-4-methylpentanoic acid hydrochloride as a
white powder (quantitative). To an ice-chilled solution of
sodium formate (2.7 g, 39.8 mmol) and (R)-2-(N-(O-benzyl-
oxy)aminomethyl)-4-methylpentanoic acid hydrochloride in
anhydrous formic acid (50 mL) was added slowly acetic
anhydride (9.4 mL, 99.4 mmol) and the resulting solution was
stirred for 12 h at room temperature. The reaction mixture
was evaporated under reduced pressure. The residue was dis-
solved in ethyl acetate (100 mL), washed successively with 1 N
HCl solution (50 mL�3) and brine (50 mL�3), and dried over
anhydrous MgSO4. The crude product was purified by column
chromatography (EtOAc/n-hexane=1/2) to give the product
as a pale yellow oil (7.68 g, 83%): [a]25

D +2.6� (c 0.5, MeOH);
IR (CHCl3) 1669, 1731 cm�1; 1H NMR (CDCl3, 300 MHz) d
0.89 (d, 6H), 1.24 (m, 1H), 1.59 (m, 2H), 2.04 (d, 1H), 2.82 (m,
1H), 3.85 (m, 1H), 4.81 (s, 2H), 7.35 (m, 5H), 7.97 (s, 3/10H),
8.12 (s, 7/10H); 13C NMR (CDCl3, 300 MHz) d 14.6, 20.7,
22.4, 23.3, 26.2, 39.2, 42.3, 46.0, 129.1, 129.4, 129.8, 134.5,
163.2, 180.4. HRMS (FAB+) (M+H)+: calcd for
C15H22NO4, 280.1549; found 280.1546.
(R)-2-((N-(O-Benzyloxy)-N-formyl)aminomethyl)-4-methylpen-
tanoic acid amide (5a). To an ice-chilled solution of 4 (0.35 g,
1.25 mmol) in anhydrous THF was added isobutyl-
chloroformate (0.18 mL, 1.25 mmol) and NMO (0.14 mL, 1.25
mmol) and the resulting mixture was stirred for 15 min at 0 �C.
To the reaction mixture was added concd NH4OH solution
(0.6 mL, 5 mmol) and then stirred for 6 h at room tempera-
ture. The reaction mixture was evaporated under reduced
pressure. The residue was dissolved in ethyl acetate (20 mL),
washed successively with 1 N HCl solution (20 mL�3), 5%
NaHCO3 solution (20 mL�3), and brine (20 mL�3), and
Figure 4.
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dried over anhydrous MgSO4. The crude product was purified
by column chromatography (EtOAc/n-hexane=1/1) to give
the product as an oil (0.20 g, 56%). [a]25

D +1.0� (c 1.0, CHCl3);
IR (CHCl3) 1666, 1685 cm�1; 1H NMR (CDCl3, 300 MHz) d
0.88 (d, 6H), 1.26 (m, 1H), 1.59 (m, 2H), 2.67 (m, 1H), 3.69
(m, 2H), 4.84 (s, 2H), 5.55–5.74 (m, 2H), 7.24–7.38 (m, 5H),
7.82 (s, 3/10H), 8.21 (s, 7/10H); 13C NMR (CDCl3, 300 MHz)
d 22.5, 23.4, 26.2, 40.0, 43.0, 62.4, 129.1, 129.6, 129.9, 134.5,
163.9, 176.6, 205.3. HRMS (FAB+) (M+H)+: calcd for
C15H23N2O3, 279.1709; found 279.1708.
General procedure for the preparation of 5b–5e. To an ice-chil-
led solution of 4 in anhydrous CH2Cl2 was added isobutyl-
chloroformate (1 equiv) and NMO (2 equiv) and the resulting
mixture was stirred for 15 min at 0 �C. To the reaction mixture
was added the solution of the corresponding amino acid ben-
zyl ester (1 equiv) and then stirred for 2–4 h at room tem-
perature. The reaction mixture was evaporated under reduced
pressure. The residue was dissolved in ethyl acetate (50 mL),
washed successively with 1 N HCl solution (50 mL�3), 5%
NaHCO3 solution (50 mL�3), and brine (50 mL�3), and
dried over anhydrous MgSO4. The crude product was purified
by column chromatography (EtOAc/n-hexane=1/2) to give
the product as an oil.
N-[(R)-2-((N-(O-Benzyloxy)-N-formyl)aminomethyl)-4-methyl-
pentanoyl]glycine benzyl ester (5b). (Yield, 65%). [a]20

D �13.1�

(c 2.04, CHCl3); IR (CHCl3) 1653, 1684, 1750 cm�1; 1H NMR
(CDCl3, 300 MHz) d 0.87 (d, 6H), 1.07–1.25 (m, 1H), 1.59 (m,
2H), 2.67 (m, 1H), 3.06–3.73 (m, 2H), 3.894.12 (m, 2H), 4.68–
4.92 (m, 2H), 5.14 (s, 2H), 6.30 (m, 1H), 7.26–7.35 (m, 10H),
7.86 (s, 3/10H), 8.15 (s, 7/10H); 13C NMR (CDCl3, 300 MHz)
d 22.5, 23.4, 26.1, 39.9, 41.8, 43.8, 47.1, 67.5, 128.8, 128.9,
129.0, 129.3, 129.5, 129.8, 134.5, 135.5, 163.5, 170.6, 204.4.
HRMS (EI): calcd for C24H30N2O3, 426.2155; found 426.2155.
N-[(R)-2-((N-(O-Benzyloxy)-N-formyl)aminomethyl)-4-methyl-
pentanoyl]-L-alanine benzyl ester (5c).
(Yield, 71%). [a]20

D �9.6� (c 0.63, CHCl3); IR (CHCl3) 1656,
1681, 1743 cm�1; 1H NMR (CDCl3, 300 MHz) d 0.86 (d, 6H),
0.96–1.23 (m, 1H), 1.28 (d, 3H), 1.57 (m, 2H), 2.59 (m, 1H),
3.06–3.73 (m, 2H), 4.59 (t, 1H), 4.75–4.98 (m, 2H), 5.15 (q,
2H), 6.16 (m, 1H), 7.267.37 (m, 10H), 7.86 (s, 3/10H), 8.14 (s,
7/10H); 13C NMR (CDCl3, 300 MHz) d 14.6, 18.5, 21.4, 22.5,
23.4, 26.0, 48.4, 60.8, 67.5, 128.6, 128.8, 129.1, 129.5, 129.9,
130.0, 133.9, 135.7, 163.2, 173.6, 204.4. HRMS (EI): calcd for
C25H32N2O5, 440.2311; found 440.2312.
N-[(R)-2-((N-(O-Benzyloxy)-N-formyl)aminomethyl)-4-methyl-
pentanoyl]-D-alanine benzyl ester (5d). (Yield, 72%). [a]20

D �3.7�

(c 0.64, CHCl3); IR (CHCl3) 1655, 1682, 1743 cm�1; 1H NMR
(CDCl3, 300 MHz) d 0.86 (d, 6H), 1.12 (m, 1H), 1.36 (d, 3H),
1.56 (m, 2H), 2.61 (m, 1H), 3.68 (m, 2H), 4.56 (m, 1H), 4.73–
5.01 (m, 2H), 5.09 (s, 2H), 6.25 (m, 1H), 7.24–7.32 (m, 10H),
7.82 (s, 3/10H), 8.15 (s, 7/10H); 13C NMR (CDCl3, 300 MHz)
d 18.8, 22.5, 23.4, 26.2, 39.8, 43.7, 47.3, 48.5, 67.5, 128.6,
128.8, 129.0, 129.1, 129.4, 129.7, 134.6, 135.7, 163.6, 173.5,
204.4. HRMS (EI): calcd for C25H32N2O5, 440.2311; found
440.2307.
N-[(R)-2-((N-(O-Benzyloxy)-N-formyl)aminomethyl)-4-methyl-
pentanoyl]-L-phenylalanine benzyl ester (5e). (Yield, 78%). [a]20

D

�6.8� (c 0.34, CHCl3); IR (CHCl3) 1656, 1682, 1742 cm�1; 1H
NMR (CDCl3, 300 MHz) d 0.80 (d, 6H), 1.21 (m, 1H), 1.50
(m, 2H), 2.53 (m, 1H), 2.93 (m, 2H), 3.66 (m, 2H), 4.67 (t, 1H),
4.88 (s, 2H), 5.08 (q, 2H), 6.06 (m, 1H), 6.96–7.35 (m, 15H),
7.82 (s, 3/10H), 8.09 (s, 7/10H); 13C NMR (CDCl3, 300 MHz)
d 22.5, 23.4, 26.0, 38.1, 39.9, 43.9, 46.8, 53.4, 67.6, 127.4,
128.9, 129.0, 129.1, 129.7, 130.1, 135.5, 136.2, 163.3, 171.6,
204.3. HRMS (EI): calcd for C31H36N2O5, 516.2624; found
516.2625.
General Procedure for the preparation of 1a–1e. A solution of
5a-5e in MeOH (20 mL) was stirred for 2 h under hydrogen
atmosphere in the presence of 10% Pd-C. The resulting mixture
was filtered and the filtrate was evaporated under reduced
pressure to give 1a–1e. In cases of 1b–1e, the products were
isolated and characterized as salts of dicyclohexylamine.
(R)-2-((N-formyl-N-hydroxy)aminomethyl)-4-methylpentanoic
acid amide (1a). (Yield, 90%). [a]20

D �13.6� (c 1.72, MeOH); IR
(KBr) 1668, 1689 cm�1; 1H NMR (CD3OD, 300 MHz) d 0.93
(d, 6H), 1.20 (m, 1H), 1.57 (m, 2H), 2.95 (m, 1H), 3.33–3.75
(m, 2H), 7.85 (s, 7/10H), 8.23 (s, 3/10H); 13C NMR (CD3OD,
300 MHz) d 21.4, 22.6, 26.1, 39.1, 42.3, 52.8, 158.5, 163.0,
177.8; HRMS (FAB+) (M+H)+: calcd for C15H24N2O3,
189.1239; found 189.1234.
N-[(R)-2-((N-Formyl-N-hydroxy)aminomethyl)-4-methylpent-
anoyl]glycine (1b). (Yield, 92%). Mp 153.5–154.5 �C; [a]20

D

�13.3� (c 0.12, MeOH); IR (KBr) 1651, 1669, 3389 cm�1; 1H
NMR (CD3OD, 300 MHz) d 0.89 (d, 6H), 1.10–1.36 (m, 11H),
1.55 (m, 2H), 1.67 (d, 2H), 1.81 (m, 4H), 2.03 (m, 4H), 2.61–
2.89 (m, 1H), 3.14 (m, 2H), 3.34–3.55 (m, 2H), 3.81–3.86 (m,
1H), 4.04–4.10 (m, 1H), 7.83 (s, 3/10H), 8.25 (s, 7/10H); 13C
NMR (CD3OD, 300 MHz) d 21.3, 22.6, 24.5, 25.2, 26.1, 29.5,
38.5, 43.7, 50.5, 53.4, 158.5, 163.3, 175.0. Anal. Calcd. for
C22H41N3O51/2H2O: C, 60.52; H, 9.70; N, 9.62. Found: C,
60.34; H, 9.73; N, 9.63.
N-[(R)-2-((N-Formyl-N-hydroxy)aminomethyl)-4-methylpent-
anoyl]-L-alanine (1c). (Yield, 88%). Mp 182–183 �C; [a]20

D

�19.2� (c 0.59, MeOH); IR (KBr) 1645, 1669, 3341 cm�1; 1H
NMR (CD3OD, 300 MHz) d 0.81–0.88 (m, 6H), 1.09–1.32 (m,
13H), 1.49 (m, 2H), 1.63 (d, 2H), 1.77 (m, 4H), 2.00 (m, 4H),
2.63–2.87 (m, 1H), 3.10 (m, 2H), 3.24–3.51 (m, 1H), 3.61–3.69
(m, 1H), 4.15 (t, 1H), 7.74 (s, 7/10H), 8.19 (s, 3/10H); 13C
NMR (CD3OD, 300 MHz) d 18.7, 21.7, 22.5, 24.5, 25.2, 26.0,
29.5, 38.7, 43.0, 50.9, 53.4, 158.6, 163.1, 173.5. Anal. calcd for
C23H43N3O51/4H2O: C, 61.92; H, 9.83; N, 9.42. Found: C,
61.95; H, 10.08; N, 9.44.
N-[(R)-2-((N-Formyl-N-hydroxy)aminomethyl)-4-methylpent-
anoyl]-D-alanine (1d). (Yield, 90%). Mp 87–89 �C; [a]20

D �10.5�

(c 0.65, MeOH); IR (KBr) 1651, 1670, 3388 cm�1; 1H NMR
(CD3OD, 300 MHz) d 0.91 (d, 6H), 1.26 (m, 1H), 1.31–1.34
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