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Abstract: An expeditious total synthesis of the stable and potent proteasome inhibitor 3 is
described. © 1998 Elsevier Science Ltd. All rights reserved.

Lactacystin (1), a microbial product, first isolated by Omura et al.,}-2 was originally obtained from
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screening effort based on a nerve growth factor-like capacity to induce neurite sprouting in a mouse neuroblastoma
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cell line. It was later found to inhibit irreversibly the proteolytxc acnvny of the 20 S proteasome 3.4 a cylindri
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which similarly deactivates the 20 S proteasome, but at a much faster rate.#5 The cause of inactivation of the 20 S
proteasome appears 10 be the acylation of the N-terminal threonine subunit, a key participant in proteolytic
catalysis,>4 to form inactive proteasome, a result confirmed by X-ray crystallographic studies of the lactacystin
inactivated 20 S proteasome at 2.4 A resolution.67 Because the protcasome machinery is involved in the
degradation of many proteins, including misfolded and denatured molccules,® and proteins involved in cell cycle
progression® and regulation of gene transcription, 1V lactacystin has become a valuable tool for the study of protein
of the first total synthesis3 12,13 has been used

hiochemistry and cell biology.11 Lactacystin prepared
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in a large number of biological laboratories. The structural and biological uniqueness of 1 has stimulated the
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Lactacystin exemplifies dramatically the ability of a small molecule (molecular weight 376) to shut down
the functioning of a very large poly-macromolecular machine and to exert this inhibition with great selectivity on
the 20 S proteasome in the presence of countless other proteins as potential targets. Most of the structural features
of 1 arc critical to its activity. First, the C(4) carboxylic function and the hydroxyl at C(6) must be cis, as
expected for the essentiality of B-lactone (2) function for proteasome inactivation.342 The configuration of the
hydroxyl at C(9) and the presence of the isopropyl substituent at C(9) are also very important for activity.17 For

ent is CH>OH the rate of inactivation of the 20 S proteasome is reduced at lcast
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placement of the methyl substiiuent at C(7) by ethyl, n-propyl, or iso-
propyl led to a 2 to 3 fold increase in activity.l7 Because an alkyl substituent larger than methyl at C(7) does not
cause loss of bioactivity, we decided to develop a synthesis of the 7,7-dimethyl analog (3) of B-lactone 2 and to
test its ability to inhibit the 20 S proteasome. This paper describes the interesting results of this study.

The synthesis of 3, which is outlined in Scheme 1, commenced with the readily available amino aldehyde
4.1213 Addition of aldehyde 4 to the lithium enolate of methyl isobutyrate at -78 °C led to a rapid and clean aldol
reaction to produce a mixture of two diastercomeric B-hydroxy esters 5 (ratio 1.2: 1) which was directly oxidized

by the Dess-Martin periodinane reagent to give the B-keto ester 6 in 96% overall yield from 4. Hydrogenation of
& in ethanal with PA_( and Hn at | atm effectad dehenzvlation and cancurrent aclactam claoanre tn nravida tha Farn
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lactam 7 (87% yield).18 Reduction of 7 with NaBH4 at -10 °C in MeOH-THF procceded position selectively and
with 12:1 diastereoseiectivity to form the required B-hydroxy y-lactam 8, the stereochemistry of which was
established by IH NMR studies (see positive NOE shown in Scheme 1). The crude y-lactam 8 was directly
desilylated to afford after silica gel column chromatography the diol 9 in 86% ovcrall yicld from 7. The primary
alcohol subunit of 9 was oxidized via the corresponding aldehyde to the carboxylic acid, and the methylene
protecting group was removed to afford the pure y-lactam dihydroxy acid 10 in 64% overall yield for all three

steps.19 Treatment of the solid dihydroxy acid 10 [mp 270 °C (dec.)] with bis(2-oxo0-3- oxazolidinyl)

phosphonic dichloride (BOPCI, Aldrich Co.) and Et3N in CHyCly at 23 °C resulted in rapid and selective
formation of the B-lactone (3) (mp 184-186 o(M20 which wac isnlated hv column chromataoranhvy on silica oel in
p-iacione (3) (mp 1s84-180 “C )<Y wihich was 1801ated by column chromatography on siiica gel in

The kinetics of inhibition of chymolrypsin-like peptidase activity of purified 20 S proteasome from bovine
brain were mcasured as previously described? for the B-iactone 2 corresponding Lo lactacystin and for the -
lactone analog 3. The values of kassoc (M-1s°1) for inactivation were 3060 for B-lactone 2 and 2300 for B-lactone
3. Thus the new analog 3 is nearly (ca. 3/4) as active as the lactacystin derived 2. This is a noteworthy result
since 3 possesses advantages over 2 as a reagent for research use. Specifically, it can be made in better yield and
morc readily than 2 and it is also more stable, especially against f-climination.

The following experimental sections provide the details for the aldol reaction/oxidation sequence to form
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the B-keto ester 6 and the borohydride r ductmn/desﬂylatmn scqucnce which converts 7to0 9.

Preparation of B Keto Ester 6. To a stirred solution of LDA (20 mmol) in THF (80 mL) at -78 °C
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was added dropwise freshly distilled methyl isobutyrate (2.30 mL, 20 mmol) over 20 min. The resuliing mixiure
was stirred for 1.5 h at -78 °C. A solution of aldehyde 412,13 (7.40 g, 19.6 mmol) in THF (20 mL.) was added

dropwise to the lithium enolate solution over 15 min at -78 °C. After stirring for 0.5 h at that temperature, the
reactlon mxxture was treated w1th ot sat aq. NH4Cl1 at -78 °C and subjected to extractive workup with ether to give
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the crude aldol plUUULL 5 \7 10 g, 96%, 1:1.2 mixture of diastereomers by "H-NMR aucu_yma) as a CO1011Es8s8 Oil.

Without further purification, the aldol product was taken up in CHClp (100 mL) and treated with the Dess-Martin

periodinane reagent (10.0 g, 23.7 mmol, 1.25 €q) portionwise at 23 °C. After stirring for 0.5 h, the reaction
mixture was cooled to O °C and treated with a mixture of 20% w/w aq. NapS203—sat. aq. NaHCO3 (1 1, 50 mL).

The roanlting mivinre wae ctirrad vioaronely far S h at 22 o and avtrarted with athar Tha racnilitine crmide
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product was purified by flash chromatography on silica gel to atford B-keto ester 6 (8.99g, 96%, 2 stcps) as a
colorless oil. [a]p?3 +60.2° (c =0.39, EtOAc) FTIR ( fﬂm) Vmax: 2954, 1720, 1709, 1464, 1256, 1002 , 840

cm-l; TH-NMR (500 MHz, CDCl3) & 0.06 & 0.08 (each s, 3 H, CH3Si), 0.89 (s, 9 H, +-BuSi), 1.01 & 1.06

(each d, 3 H, J = 6.8 Hz, (CH3)2CH), 1.42 & 1.50 (each s, 3 H, CH3), 2.08 (sept, 1 H, J = 6.8 Hz,
CH(CH3)2), 360 (s. 3 H. CH30), 374 (d. 1 H. J = 6.8 Hz, CHO) 3.94 (d. 1 H, J = 13.7 Hz, CHaPh), 4.09
(d 1 H, J'= 10.6 Hz, CH0Si), 4.18 & 4.31 (each d. 1 H. J = 4.8 Hz, NCH0), 4.28 (d, L H, J = 10.6 Hz,
CH081), 4.65 (d, 1 H, J = 13.7 Hz, CHoPh), 7.23 - 7.42 (m, 5 H. ArH) ppm; I3C-NMR (125 MHz, CDCl3) 8
5.8 -5.5: 18.3: 20.2: 21.5; 22.1; 25.3: 25.0; 28.6: 51.8: 54.1; 54.3; 6341 79.5; 85.2; 89.3; 126.9; 128.3
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128.4; 139.7; 173.8; 212.0 ppm; HRMS (FAB, 3-NBA + Nal) m/z calcd for CagH44NQO5Si, 478.2989; found
A

M+, 478.2991.
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Preparation of B-Hydroxy y-Lactam 9. To a stirred solution of B-keto y-lactam 7 (4.60 g, 12.96
mmol) in THF (100 mL) at -10 °C was added portionwise sodium bOI‘OhydI‘ld(. (1.22 g,324 mmol, 2.5 eq) over
15 min. The resuiting slurry mixture was treated dropwise with methanol (4.0 mL) over 30 min. After stirring
for2.5h at -10 ° ~ 0 °C, the rcaction mixturc was treated with water and extracted with ether to give the crude
alcohol (4.60 g, 100%, 0-OH / B-OH = 1 : 12 by !H-NMR analysis) as a colorless oil. A purc sample of the
major isomer was obtained by flash chromatography on silica gel. [a]p?3 -2 0° (¢ =0.25, EtOAc) FTIR (film)
Vmax: 3409, 2936, 2954, 1684, 1104 cm-1; TH-NMR (400 MHz, CDCI3) § 0.08 & 0.09 (each s, 3 H, CH3Si),
0.89 (s 9 H, t-BuSi), 1.01 & 1.02 (each d 3H,J=6.8Hz, (CH3)2CH) 1.22 (br s, 6 H, 7-gem-dimethyl),
.66 H CH(CH3)2),2.86 (d, 1 H, J = 10.4 Hz, CH-O), 3.48 (d, 1 H, /= 11.5 Hz, CH0Si), 3.72 (d, 1
,J 9 Hz CHOH) 393 (d, 1 H, J= 115 Hz, CH30Si), 4.00 (d, 1 H, J= 109 Hz, HOCH), 4.58
.16 ea h d, 1 H, J = 4.8 Hz, NCH20) ppm; 13C-NMR (100 MHz, LUC13 8 -5.6; 5.3, 18.3; 18.5;
0.7, 25.9; 27.9; 49 3; 60.3; 71.0; 75.6; 80.4; 91.2; 181.3 ppm; HRMS (FAB, 3- NR, + Nal) m/z ca
gHg5NO4SlNa 380.2233; found for [M+Na]+ 380.2225.
Wllhout further punflcanon the above alcohol was taken up in CH3CN (40 mL) and treated with 48% HF
} mL) ﬂLLCl bLilliug 101 12 I dl LJ \/., ulC lCdk«LiUll lui)\LUlC was Uilb&rlly pmu,u Ona pau O1 Silihd gCl paugt:u
ith ethyl acetate. The pad was eluted with 10% MeOH / EtOAc (200 mL) and the eluent was concentrated in
0. The resulting crude oil was purilicd by {lash Lhromdlogmphy on silica gel to give the desired y-lactam 9

2 g, 85%, 2 steps) as a colorless oil. [o]p23 +11.7° (c = 0.31, EtOAc); FTIR (film) vmax: 3386, 2966,
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(d IH J— 1()2 Hz CHOH) 6
CDCl3) 8 18.2; 20.3; 20.6; 25.8; 2
Nal) m/z calcd for C12H21NO4
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Spectral data for 'y—laclam 7. [oc]r)23 +41.0° (c =041, EtOAc) FTIR (film) viax: 2958, 2935, 1717,
1113, 838 cm-i; 1H-NMR (500 MHz, CDCIl3) § 0.002 & 0.01 (each s, 3 H, CH3Si), 0.83 (s, 9 H, r-
BuSi), 0.98 (d, 6 H, J = 6.6 Hz, (CH3)2CH), 1.19 & 1.27 (each s, 3 H, CH3z), 1.68 (m, 1 H, CH(CH3)»3),
303, 1 H,J= 101 Hz, CH-0), 3.68 (d, 1 H, J = 10.4 Hz, CH;;DSl) 405 (d, 1 H, J= 10.4 Hz,

CH20Si), 4.67 & 5.38 (d, 1 H, J = 4.8 Hz, NCHzO) ) ppm; 13C-NMR (125 MHz, CDC13) 8 -5.6; -5.5;

18.4; 18.5; 20.9; 21.8; 25.¢ ;28 i; 49.8; 59.7; 75.5; 77.7; 84.6; 179.3; 210.4 ppm; HRMS (FAB, 3-NBA
+ Nal) m/z calcd for C1gH33N04SiNa, 378.2077; found f fm‘ [M+Na]*, 378.2075.

Spectral data for dihydroxy acid 10. | D23 -9.1° (¢ = 0.11, MeOH); FTIR (film) Vmax: 3416, 1709, 1649
cm-1; TH-NMR (300 MHz, Py-ds) § 1.31 & 1.37 (each d, 3 H, J=6.8 Hz, (CH3),CH), 1.57 & 1.70
(each s, 3 H, CH3), 2.46 (sept, 1 H, /= 6.8 Hz, CH{CH3)2). 4.61 (d, 1 H, /= 5.5 Hz, CHCHOH), 5.40
(s, 1 H, CHOH), 8.44 (br s, COOH), 8.93 (s, 1 H, NH) ppm; 13C-NMR (125 MHz, Py-ds) § 19.2; 20.5;
21.9; 25.5; 32.4; 44.2; 72.8; 76.8; 79.1; 176.6; 182.2 ppm; LRMS (FAB, 3-NBA + Nal) m/z [M+H]*
246 (100%).

Spectral data for B-lactone 3. [a]p23 -99° (¢ = 0.10, EtOAc); FTIR (film) vmax: 3547, 3188, 1824, 1715,
1644 cm-1; lH-NMR (500 MHz, Py-ds5) 8 1.21 & 1.22 (each d, 3 H, J = 6.6 Hz, (CH’&)’)CH) 1.40 & 1. 42
(each s, 3 H CHa), 2. 16 (Sept 1 H J=6.6 Hz, CH(CH3)2) 4.11 (t,1H,J
H, CH-OCO), 7.64 (d, 1 H, J =7.6 Hz, HOCH), 10.40 (s, 1 H, I\é ) :
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C11H21N204, 245.1501; found for [M+NH4]*, 245.1503.
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