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Total synthesis off)-lactacystin, a potent and selective proteasome inhibitor, was accomplished using
a catalytic enantioselective Strecker reaction of a ketoimine as the initial key step. An enone-derived
N-phosphinoyl ketoiming was selected as a stable masketlydroxy ketoimine analogue. Excellent
enantioselectivity (98% ee) and practical catalyst activity were produced under the optimized catalyst
preparation method using 2.5 mol % {USiMes),} s as a metal source and 3.8 mol B4glucose-
derived ligand8. This reaction was conductech @ 5 gscale. The chiral tetrasubstituted C-5 carbon
efficiently controlled the stereochemistry of the other three chiral centers of lactacystin. Chelation-controlled
Meerwein-type reduction of ketorfeusingi-PrMgBr (originally reported by Kang in a related substrate)
selectively produced the desired secondary alcohol at the C-9 position. The C-6 hydroxy and C-7 methyl
groups were introduced via a silyl conjugate addition followed by the Tamao oxidation and Donohoe
methylation, respectively, in a highly stereoselective manner. A practical amount of enantiomerically
pure clasto-lactacystirf-lactone (2), the biologically active form ofH)-lactacystin, can be synthesized
using this routeclasto-Lactacystir-lactone (2) was converted te-f-lactacystin following the reported
procedure.

Introduction 20S proteasomeAfterward, the crystal structure of the yeast

Proteolytic degradation and turnover of cellular proteins are 20S proteasome—lac.:tacystln. comp]ex unequivocally demon-
essential processes in living cells. The ubiquitin-proteasome strated that Iz_actacystm _sele_ctlvely binds tp fhexygen atom
pathway is particularly important for the regulated degradation ©f theN-terminal threonine in thg5 subunit through an ester
of various proteins. The 26S proteasome complex is the key covalent bond. Because this oxygen atom is crucial for the
catalytic protease and digests a wide variety of ubiquitinated €nzymatic activity, lactacystin is an irreversible inhibitor of the
proteins. This complex is composed of catalytically active 20S Proteasome. The actual biologically active acylating species
proteasome and two 19S regulatory complexes. Lactacyidtin ( derived from lactacystin iglastolactacysting-lactone (also
isolated from thestreptomycesp. by Omura et at,was the =~ known as omuralide2), which is formed by eliminating
first identified natural 20S proteasome inhibitor. It was initially ~N-acetyli-cystein and can penetrate cell membreah@arrently,
discovered as a neurite outgrowth inducer of a murine neuro-1 and 2 are essential tools for biological studies of the
blastoma cell line. Studies to elucidate the molecular basis of proteasome function (Figure 1).
its biological activity revealed its target to be the proteasome;
radioactive lactacystin covalently binds to i subunit of the

(2) Fenteany, G.; Standaert, R. F.; Lane, W. S.; Choi, S.; Corey, E. J,;
Schreiber, S. LSciencel995,268, 726—731.

(1) Omura, S.; Fujimoto, T.; Otoguro, K.; Matsuzaki, K.; Moriguchi, (3) Groll, M.; Ditzel, L.; Léwe, J.; Stock, D.; Bochtler, M.; Bartunik,
R.; Tanaka, H.; Sasaki, Y. Antibiot.1991,44, 113—-116. H. D.; Huber, R.Nature 1997,386, 463—471.
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(+)—lactacystin (1)

FIGURE 1. Lactacystin (1) andlasto-lactacystirg-lactone (2).

Proteasome targeting has recently emerged as a new modality

for the potential treatment of diseases ranging from malaria to
cancer. Proteasome inhibitors cause the accumulation of pro-
teasome substrates, including cyclins and transcriptional factors
and induce cell cycle arrest with apoptotic program activation.

Therefore, even though more than 10 years has passed since
the discovery of lactacystin, active research continues to develop

new synthetic routes for lactacystin and its analo§aesl other
proteasome inhibitors.

One structural characteristic of lactacystin is its densely
gathered chiral centers on a relatively smgllactam core,
including the chiral tetrasubstituted C-5 carbon. All previous
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SCHEME 1. Retrosynthetic Analysis
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catalytic asymmetric epoxidatidndihydroxylation? or amino-

asymmetric syntheses utilized diastereoselective reactions tohydroxylatiort®to synthesize the hydroxyleucine unit, followed

construct the chirality at the C-5 carbon. Typically, Sharpless

(4) (a) Dick, L. R.; Cruikshank, A. A.; Greiner, L.; Melandri, F. D.;
Nunes, S. L.; Palombella, V. J.; Parent, L. A.; Plamondon, L.; Stein, R. L.
J. Biol. Chem 1997,272, 182—188. (b) Dick, L. R.; Cruikshank, A. A;
Destree, A. T.; Greiner, L.; McCormack, T. A.; Melandri, F. D.; Nunes, S.
L.; Stein, R. L.J. Biol. Chem.1996,271, 7273—7276.

(5) For a review, see: Zavrski, I.; Jakob, C.; Schmid, P.; Krebbel, H.;
Kaiser, M.; Fleissner, C.; Rosche, M.; Possinger, K.; Sezefr@-Cancer
Drugs 2005,16, 475—481.

(6) (@) Corey, E. J.; Reichard, G. A. Am. Chem. Socl992, 114,
10677—10678. (b) Corey, E. J.; Li, W.; Reichard, G.JAAm. Chem. Soc.
1998 120, 2330-2336. (c) Saravanan, P.; Corey, EJ.JOrg. Chem2003
68, 2760—2764. (d) Reddy, L. R.; Fournier, J.-F.; Reddy, B. V. S.; Corey,
E. J.J. Am. Chem. So2005 127, 8974-8976. (e) Reddy, L. R.; Saravanan,
P.; Fournier, J.-F.; Reddy, B. V. S.; Corey, EQlg. Lett.2005,7, 2703—
2705. (f) Sunazuka, T.; Nagamitsu, T.; Matsuzaki, K.; Tanaka, H.; Omura,
S.; Smith, A. B, Ill.J. Am. Chem. S0d993,115, 5302. (g) Nagamitsu,
T.; Sunazuka, T.; Tanaka, H.; Omura, S.; Sprengeler, P. A.; Smith, A. B.,
Ill. 3. Am. Chem. S04996,118, 3584—3590. (h) Uno, H.; Baldwin, J. E.;
Russell, A.J. Am. Chem. Socl994, 116, 2139—2140. (i) Chida, N.;
Takeoka, J.; Tsutsumi, N.; Ogawa,JSChem. Soc., Chem. Commi@95
793—794. (j) Kang, S. H.; Jun, H.-&hem. Commuri998, 1929—1930.

(k) Soucy, F.; Grenier, L.; Behnke, M. L.; Destree, A. T.; McCormack, T.
A.; Adams, J.; Plamondon, LJ. Am. Chem. S0d.999,121, 9967—9976.
() Panek, J. S.; Masse, C. Bngew. Chem., Int. EdL999, 38, 1093—
1095. (m) Ooi, H.; Ishibashi, N.; lwabuchi, Y.; Ishihara, J.; Hatakeyama,
S.J. Org. Chem?2004,69, 7765—7768. (n) Donohoe, T. J.; Sintim, H. O.;
Sisangia, L.; Harling, J. DAngew. Chem., Int. EQ?004,43, 2293—2296.
(o) Donohoe, T. J.; Sintim, H. O.; Sisangia, L.; Ace, K. W.; Guyo, P. M.;
Cowley, A.; Harling, J. DChem—Eur. J.2005 11, 4227-4238. (p) lwama,
S.; Gao, W.-G.; Shinada, T.; Ohfune, 8ynlett200Q 1631-1633. (q)
Green, M.; Prodger, J. C.; Hayes, CTétrahedron Lett2002,43, 6609—
6611. (r) Brennan, C. J.; Pattenden, G.; Rescourio] @rahedron Lett.
2003,44, 8757—8760. (s) Wardrop, D. J.; Bowen, E.@em. Commun.
2005, 5106—5108. For reviews, see: (t) Corey, E. J.; Li, WCEHem.
Pharm. Bull.1999,47, 1-10. (u) Masse, C. E.; Morgan, A. J.; Adams, J.;
Panek, J. SEur. J. Org. Chem2000, 2513—2528.

(7) For the total synthesis of TMC-95A, see: (a) Inoue, M.; Sakazaki,
H.; Furuyama, H.; Hirama, MAngew. Chem., Int. EQ003,42, 2654—
2657. (b) Lin, S.; Yang, Z.-Q.; Kwok, B. H. B.; Koldobskiy, M.; Crews,
C. M.; Danishefsky, S. . Am. Chem. SoQ004,126, 6347—6355. (c)
Albrecht, B. K.; Williams, R. M.Org. Lett.2003,5, 197—200. For the
total synthesis of epoxomicin, see: (d) Katukojvala, S.; Barlett, K. N.;
Lotesta, S. D.; Williams, L. J1. Am. Chem. So2004 126, 15348-15349.

(e) Sin, N.; Kim, K. B.; Elofsson, M.; Meng, L.; Auth, H.; Kwok, B. H.

B.; Crews, C. M.Bioorg. Med. Chem. Lettl999,9, 2283—2288. For the
total synthesis of salinosporamide A, see: (f) Reddy, L. R.; Saravanan, P.;
Corey, E. J.J. Am. Chem. SoQ004, 126, 6230—6231. (g) Endo, A.;
Danishefsky, S. 3. Am. Chem. So2005,127, 8298—8299.

by Seebach-type diastereoselective carbzarbon bond forma-
tion' is used for this purpose (Corey, Omura and Smith, Kang,
Adams, and Panek syntheses). Diastereoselective Overman
rearrangement (Chida), Strecker reaction (Ohfune), carbene
insertion to the &H bond (Hayes), and acetal migration
(Hatakeyama) are alternative methods. Some of those syntheses
are efficient enough for a preparative scale supply of lactacystin
for use as a biological tool. Meanwhile, we developed a practical
enantioselective Strecker reaction of ketoimines using a gado-
linium (Gd) complex of ligand8 as a catalyst?>*® Thus, we
expected that direct construction of the chirad-disubstituted
amino acid moiety of lactacystin would be possible using our
reaction. Our main aim of this project was to clarify if our
reaction is feasible for the practical synthesis of chiak-
disubstituted amino acid derivatives with significant structural
complexity and important biological activity. We describe herein

a total synthesis of)-lactacystin, in which the chiral tetra-
substituted C-5 carbon was constructed at the initial stage using
the catalytic enantioselective Strecker reaction of a ketoimine.

Results and Discussion

We selected Donohoe’s intermedi@es a temporary goal
in our synthesis (Scheme 1). This intermediate can be converted

(8) Gao, Y.; Hanson, R.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
Sharpless, K. BJ. Am. Chem. S0d 987,109, 5765—5780.

(9) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Jeong,
K.-S.; Kwong, H.-L.; Morikawa, K.; Wang, Z.-M.; Xu, D.; Zhang, X.-L.
J. Org. Chem1992,57, 2768—2771.

(10) Li, G.; Angert, H. A.; Sharpless, K. B\ngew. Chem., Int. Ed. Engl
1996,35, 2837—2841.

(11) Seebach, D.; Aebi, J. Oetrahedron Lett1983,24, 3311—-3314.

(12) (a) Masumoto, S.; Usuda, H.; Suzuki, M.; Kanai, M.; Shibasaki,
M. J. Am. Chem. So@003,125, 5634—5635. (b) Kato, N.; Suzuki, M.;
Kanai, M.; Shibasaki, MTetrahedron Lett2004 45, 3147-3151. (c) Kato,

N.; Suzuki, M.; Kanai, M.; Shibasaki, M.etrahedron Lett2004 45, 3153
3155.

(13) For catalytic enantioselective Strecker reactions developed by other
groups, see: (a) Vachal, P.; Jacobsen, EONy. Lett.2000,2, 867—870.
(b) Vachal, P.; Jacobsen, E. N. Am. Chem. SoQ002 124, 10012~
10014. (c) Chavarot, M.; Byrne, J. J.; Chavant, P. Y.; \aller.
Tetrahedron: Asymmetrg001,12, 1147—1150.
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Gd(OPr); + 8 SCHEME 2. Synthesis of Ketoimine 7
o]
l o i1 Grubbs 2nd )\&
I S— S 3 steps (1 mol %)
LN =8 MH — EEE—
NC. ,N-PPh, 0 0 O 90%
A SRl 14 | 15
R™ R 0§ Gd--g° , 2TMsoN NPOPh
0 2
A 0 4 Y \( 1) NHOHSHCI, py. /ké
(o0 27907 MO 2) PhzPOl Eii
_.-'G,d(B Gd-g (o9 0.9 o 55% 7
q) @?, O\) O"‘G{f \IGd:‘-O)
HY ™~ pcPh (g o NG 'y between Gd(®Pr); and8 initially generates a chiral alkoxide
ne, N7 PR ' ' 2:3 complex9, which is converted to a silylated gadolinium
A 13 ™S 10 ™S
R RS ArOH cyanidelOin the presence of TMSCN. The silyl ethers are then
\ TMSOA cleaved by a protic additive to give compléx, the active
+ TMSCrN catalyst of this reaction. The enantioselective Strecker reaction
omor\o aYe would proceed through a bifunctional mechanist®) (n which
(\O\Gld/ ~\G|d_/_oﬁ) (‘o\? 0. 00 one of the gadolinium metals in the complex works as a Lewis
Ty SN \0-5 o -Gd’ "Gd...o acid to activate a substrate, and the other gadolinium cyanide
Q’? 0 e ‘/< g o \o\) works as a nucleophile, givingj3. The internal proton of the
12 B\ e o N 11 asymmetric catalyst facilitates the catalytic cycle probably by
I . o enhancing the product dissociation rate (©3). The active
R "R N catalystllis regenerated fror@ only through silylated complex

| . .
RL)\RS 10, and direct protonolysis &fto 11 by HCN does not proceed.
Ketoimine 7, the substrate for the catalytic asymmetric
FIGURE 2. Proposed catalytic cycle of the enantioselective Strecker Strecker reaction, was synthesized from known ketbfévia
reaction of ketoimines. ring closing metathesis, oxime formation, and phosphinoylimine
formatiort® (Scheme 2).

tod(;ﬁ?tic¥;rlningl)rrr;n dfilv? ;stevpsr \;\{[Iitlh fh'rgg ?ﬁ'c'et?fynlr; Reaction conditions were optimized for the catalytic enantio-
adaition, this intermediate IS versatie for 1actacystin analogué qq o qtive Strecker reaction of ketoimirte (Table 1). First,

synthesis because the only replaceable group in the molecule_ " °. - L :
that retains biological activity is the C-7 methyl grotip The previously optimized conditions were applied (entry:d)he

. : reaction proceeded slowly with 5 mol % catalyst-a40 °C,
\S/g:%r:)?]?%::goggﬁtiézegf}g psc:ﬁg)on nutl?:é%ﬁitlaec?gs:ructed and the producfl6 was obtained in quantitative yield after 7
heg- ; 0 . o . ”
unsaturated imidd, followed by the Tamao oxidatiot. The days with 88% ee. To improve the efficiency, reaction conditions

sterically hindered acetoxjso-butyl substituent at the C-5 were carefully optimized in this specific caeThe enantio-

o . selectivity and reaction rate were significantly improved by
osition should block the-face of the conjugated double bond, : o .
Fhus directing the silicon addition frorT{ tghe desirgdface changlng the addition order of the reagents (entry 2); after the
Compound4 should be synthesized from keto Iactﬁn‘viaa{ alkoxide complex9 was generated from Gd{®r); and 8,

K i ; lecti ductibi h chelati trol TMSCN and 2,6-dimethylphenol were added prior to the
ang-type stereoselective reductiiiirougn chelation control. -, 4 4ition of substrat@. Because the structure of the lanthanide
Compound5 should be synthesized from a chimlo-disub-

stituted amido este6 via ozonolysis and lactam formation c_:omplex f!uctuat_e_s and seve_ral species can exist_ under equi-
Finally, 6 should be obtained using the catalytic enantioselective I|br_|um_, this addition or der might generate the active catalyst
Streck;ar reaction of ketoiming> developed by our group 11|r) higher concentration than the original method without any
: ) ; i ) detrimental effect t@ in the catalyst preparation step. The ratio
Our catalytic enantioselective Strecker reaction has several

characteristic features: (1) high enantioselectivity and catalyst (15) Compound? can be used as a maskedhydroxy ketoimine
turnover with broad substrate generallty; (2) the active catalyst equivalento-Hydroxy phosphinoylketoimines suchAsor B were unstable,

is generated from Gd(@Pr); and 8 in a 1:2 ratio (the and we could not synthesize these compounds in a pure form. For the
experimentally optimized ratio for catalyst preparation from Synthesis of7, see Supporting Information for details.

Gd(O-Pr)); and (3) protic additives, such as 2,6-dimethylphenol NP(O)Phy NP(O)Phy
or HCN, dramatically improve the enantioselectivity, the catalyst PH OTBS /\/x)J\/OTBS
turnover number, and the turnover frequency. A working A B

hypothesis for the catalytic cycle of the enantioselective Strecker  (16) Yabu, K.; Masumoto, S.; Yamasaki, S.; Hamashima, Y.; Kanai, M.;

reaction is shown in Figure 2. This mechanism was postulated ngégv.; Curran, D. P.; Shibasaki, M. Am. Chem. S0@001,123, 9908~

on the basis of the catalyst composition assessed by ESI-MS, " (17) Bajgrowicz, J. A.; Berg-Schultz, K.; Brunner, Bioorg. Med. Chem
labeling experiments, and kinetic studi@s1® The reaction 2003,11, 2931—-2946.

(18) Krzyzanowska, B.; Stec, W. $ynthesis982, 270—271.

(19) As a result of steric hindrance, substratéhad unusually low

(14) For recent examples of the synthesis fhydroxy carbonyl reactivity, and the Strecker reaction under typical conditions for racemic
compounds using this method, see: (a) Trost, B. M.; Ball, ZJ.TAm. compound synthesis (TMSCN—ZnEZn(OTf), Ln(OTf)s, or HCN-EtOH)
Chem. So2004 126, 13942-13944. (b) Barrett, A. G. M.; Head, J.; Smith,  did not proceed well (<20% vyield). The chiral Gd-e8mplex generally
M. L.; Stock, N. S.; White, A. J. P.; Williams, D. J. Org. Chem1999, produces significantly higher activity than that of strongly Lewis acidic
64, 6005—6018. (c) Usuda, H.; Kanai, M.; Shibasaki,®tg. Lett.2002, achiral promoters.

4, 859—862. (d) Usuda, H.; Kanai, M.; Shibasaki, Wetrahedron Lett. (20) The use of HCN instead of 2,6-dimethylphenol did not improve
2002,43, 3621—3624. the catalyst activity and enantioselectivity in this case.
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TABLE 1. Catalytic Enantioselective Strecker Reaction of
Ketoimine 7

Gd source {x mol %)

8 (y mol %}
NP(G)Ph2  TMSCN (2 equiv) NG, NHP(O)Ph,
2,6-dimethylphenol (1 equiv) > f
CH3CHLCN, —40 °C
7 16
entry Gd source (mol %) Gd:8 time (d) yield (%) e (%)
1 Gd(Oi-Pr} (5) 1:2 7 >99 88
2 Gd(Oi-Pr} (5) 1:2 3 94 96
3 Gd(Oi-Pr} (5) 1:2.2 4 >99 92
4 Gd(Oi-Pr} (5) 1:1.8 2 >99 96
5 Gd(Oi-Pr} (5) 1:1.5 4 >99 88
6 Gd(Qi-Pr} (2.5) 1:1.8 6.5 >99 92
7 Gd(HMDS) (2.5) 1:1.5 2 >99 98
8d Gd(HMDS) (2.5) 1:1.5 2 >99 98

aConversion yield calculated by thé! NMR of the crude mixture.
b Determined by chiral HPLC. See Supporting Information for details.
¢Compound?, solvent, TMSCN, and 2,6-dimethylphenol were added
successively to the gadolinium alkoxide comp®exn other entries, solvent,
TMSCN, 2,6-dimethylphenol, antiwere added successiveR/A 5 g scale
reaction. Isolated yiele= 94% (see Experimental Section for the isolation
procedure ofl6). Other entries were performed on a 100 mg scale.

of Gd(Oi-Pr} and ligandB when the catalyst was prepared was
important for the reaction rate and enantioselectivity (entries
2—b5); a catalyst prepared from Gd{®r); and8in a 1:1.8 ratio

JOC Article

pure form. Interestingly, reversed stereoselectivit@:{9 =
1:>10) was observed using NaBlds a reducing reagent. In
this case, reduction might proceed through a Fefidnh
transition state, T0, in which the polarized €N bond is
positioned perpendicular to the carbonyl plane. In both cases,
the ethoxycarbonyl group at the tetrasubstituted C-5 carbon acts
as a larger substituent than the C-6 methylene group, thus
directing the hydride entry to the ketone.

The next key step was the introduction of the C-6 hydroxyl
group via the stereoselective conjugate addition of a silyl group
and the following Tamao oxidation. The precursbrwas
synthesized froni8 via 4 steps: chemoselective protection of
the C-9 hydroxyl group and the lactam nitrogen atom with acetyl
and Boc groups, respectively, to gi?4, selenenylation, and
elimination. Silyl conjugate additio?, followed by the Tamao
oxidation?* is a reliable synthetic method for the construction
of S-hydroxy carbonyl compounds. A silyl anion is highly
nucleophilic, even though sterically bulky substituents exist on
the silicon atom. This characteristic is advantageous for the
stereoselective introduction of an oxygen functionality to
sterically hindered position’s. Tamao oxidation sometimes
requires highly acidic conditions, depending on the silyl group.
Therefore, proper selection of silyl reagents is important for
the reasonable stability of the conjugate addition products
possessing concomitant susceptibility to the Tamao oxidation
under mild conditions. In our synthesis, theM®PhSi groug®

produced a synthetically useful reaction rate and enantioselec-fulfilled such requirement® Thus, the conjugate addition of

tivity (entry 4). When the catalyst amount was reduced to 2.5
mol %, however, the reaction rate retarded giving slightly lower
enantioselectivity (entry 6).

To further improve the catalyst activity, the recent observation
in catalytic enantioselective cyanosilylation of ketones using a
Gd—8complexX! was considered. A catalyst solution prepared
from a Gd(Q-Pr); and8 in a 1:2 ratio in the absence of 2,6-

the corresponding silyl zinca¥e proceeded with complete
stereoselectivity from the desirg¢tside. The excellent stereo-
selectivity was attributed to the shielding of theface by the
sterically bulky acetoxy isobutyl group at the C-5 chiral center.
The hydroxy imide3 was obtained in 57% yield after the
oxidation of the silyl group withm-chloroperoxybenzoic acid
in the presence of KHE-Methylation of3 was conducted under

dimethylphenol contains two main species observed by ESI-the conditions reported by Donohoe, and prodaét was

MS, the major 2:3 comple%0 and the minor 4:5 complex. The

obtained as the major isomer in 58% isolated yield (selectivity

4:5 complex was thought to be a less-active catalyst with lower = >15:1). All the spectroscopic data 82 completely matched
enantioselectivity than the 2:3 complex in the cyanosilylation the reported values. The total synthesis of lactacystin was

of ketones because contamination of the 4:5 complex is

completed fron22 following the reported proceduré® Thus,

problematic only in the case of reactive ketones. When the the removal of theN-Boc group with TFA, hydrolysis of the

catalyst was prepared from Gd(HMRS|HMDS = hexa-
methyldisilazane) anflin a 2:3 ratio, however, the desired 2:3

ethyl ester under basic conditions, and lactone formation with
BOPCI producedlasto-lactacystir-lactone (2) in 63% yield.

complex was the sole species observed by ESI-MS. Thus, thewe succeeded in synthesizigon a>100 mg scale by this

catalyst prepared from Gd(HMD$)produced both higher

enantioselectivity and reactivity than did the catalyst prepared

from Gd(Q-Pr) in cyanosilylation of reactive ketonésin the
catalytic enantioselective Strecker reaction %f optimized
results were also obtained using Gd(HMB&$ a metal source
(entry 7); the reaction was completed in 2 days using 2.5 mol
% catalyst, and produdt6 was obtained with 98% ee. These
conditions were appliesta 5 gscale synthesis, and comparable
results were reproducibly obtained (entry 8). After the reaction,
ligand 8 was recovered in 90% yield, which was recycled and
reused.

The obtained amidonitrild6 was converted to the corre-
sponding,a-disubstituted amino acid derivatiéan high yield
(Scheme 3). Ozonolysis, oxidation of the resulting aldehyde to
carboxylic acid, and lactam formation under acidic conditions
afforded ketoneb. The stereoselective reduction bf was
achieved using-PrMgBr as a reducing reagéhthrough a
possible chelation transition state (TS), 1% (18:19 = 10:
1).22 After one recrystallization of the crude mixture, the desired

(21) Suzuki, M.; Kato, N.; Kanai, M.; Shibasaki, Nbrg. Lett.2005,7,
2527—-2530. A typical comparison between the results obtained using
catalysts prepared from Gdi®r); and Gd(HMDS} in cyanosilylation of
a reactive ketone is shown in the following scheme.

Gd source—8 TMSO, yCN

o)
/&Cl TMSCN (1.5 equiv) /@\)yCl
F F F F

Gd(O’Pr)3 (5 mol %)—-8 (10 mol %): 85%, 68% ee
Gd(HMDS)3 (2 mol %)—8 (3 mol %): 93%, 83% ee

(22) Relative stereochemistry was assigned on the basis of the comparison

CH3CHCN, 3 h

of the IH NMR charts of3 and 22 with those of Donohoe’s intermediates
and the'H and13C NMR chemical shifts o with the reported values.

(23) (a) Ager, D. J.; Fleming, |.; Patel, S. K.Chem. Soc., Perkin Trans.
11981, 2520—2526. (b) Fleming, I.; Rowley, M.; Cuadrado, P.; Gonzéalez-
Nogal, A. M.; Pulido, F. JTetrahedron1989,45, 413—424.

(24) Jones, G. R.; Landais, Yetrahedronl1996,52, 7599—7662.

(25) Crump, R. A. N. C.; Fleming, I.; Urch, C. J. Chem. Soc., Perkin

Trans. 11994, 701—706.

(26) The PhMgSi group could be introduced td with excellent

stereoselectivity and yield. The Tamao oxidation, however, did not proceed

18 was obtained in an enantiomerically and diastereomerically from this silylated product.
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SCHEME 3. Total Synthesis of {+)-Lactacystin (1)
0
1) conc. HCl aq. EtO:C, NHBoc 1) O5: MesS )
2) SOCly, EtOH 2) NaClO, NH 'PrMgBr
by 3) BocgO, NaHCO, 3) H,SO N THF
(98% ee) 0C20, Na 3 29Ug 75%
MeCN EtOH EtO.C (18:19=10:1)
68% (3 steps) 6 81% (3 steps) 5 18: X=H,Y=0H
TS 19:X=0H,Y=H
recryst. from
toluene—hexane 18 (>99% ee)
53%
O 1) LHMDS 1) EtzNPh,SiLi
1) Acy0, py. PhSeBr Et,Zn
2) Boc,0, EtgN NBoc 2) HyOs 2) mCPBA, KHF5 LDA; Mel
———————— HO
93% (2steps)  EtO,C ¥ 9% 57% (2 steps) EtO,C HMPA
Ohe ¢80:D 58 /T?F15 1)
% (>15:
2 3 (94% b.r.s.m.) 22
SH
CO,H O
1) TFA, CH,Clo HN
2) NaOH (aq. 0.5 M) NHAc )
(o} Pr

3) BopCl, EtzN EtsN, CH,Cly CO,H EtO 5

CHoClp 58% o} _
63% (3 steps) NHAc H

(+)-lactacystin (1) TS-20

route. Finally, treatment & with N-acetylL-cysteine, according
to the reported procedufe gave (+)-lactacystin (1).

Conclusion

We achieved a catalytic asymmetric total synthesis+of (
lactacystin. Our synthesis is characteristic in that the chira

tetrasubstituted C-5 carbon was constructed at the initial stage
of the total synthesis. The practical catalytic enantioselective
Strecker reaction of ketoimines developed in our group allowed

for this new synthetic route. A cyclic enone-derived ketoimine
7 was used as a masked, stabld)ydroxy ketoimine equivalent.

mmol) in THF (16 mL) at 4°C, and the mixture was stirred at 50
°C for 1 h. The solvent was evaporated, and the residue was dried
in vacuo for 2 h at room temperature. The resulting amorphous
material was dissolved in EtCN (18.7 mL). After cooling-t@0
°C, TMSCN (4.3 mL, 32 mmol) and 2,6-dimethylphenol (1.95 g,
16 mmol) in THF (6 mL+ 2 mL for wash) were added. The
| mixture was stirred for 0.5 h at40 °C. Then compound (5.2 g,
16 mmol) was added at40 °C. The reaction mixture was stirred
for about 2.5 days. Si§X50 g) was added at40 °C to quench the
reaction (Caution! HCN generation). The slurry was filtrated and
washed with a mixture of C§LI, (400 mL) and MeOH (20 mL).
The combined filtrate was concentrated in vacuo. The solid residue
was partially purified by flash column chromatography (EtOAc/

The enantioselectivity and reaction rate were quite sensitive to hexane, 2:1— EtOAc/MeOH, 20:1) to affordl6 as a white solid
the catalyst preparation method. When an asymmetric catalyst(5.9 g) containing the chiral ligand. The ligand was washed off

was prepared from Gd(HMDSand ligand8 in a 2:3 ratio, the

from the crude mixture with toluene and hexane, as follows. Toluene

reaction proceeded using 2.5 mol % of the catalyst, producing (117 mL) was added to the mixture (5.9 g) and warmed at@0
the C-5 chiral tetrasubstituted carbon with an excellent enantio- 10 this solution, hexane (47 mL) was added at the same temper-

selectivity (98% ee) and a useful reaction rate. Other stereo-
centers were all constructed with excellent selectivity using the
steric environment constituted by this tetrasubstituted carbon:

ature. The solution was cooled gradually to room temperature, and
the precipitate was filtered to afford pulé (4.6 g) as a white
solid. The filtrate was concentrated in vacuo. To the residue, toluene
(30 mL) was again added at 8C, followed by the addition of

chelation-controlled Meerwein-type reduction to construct the peyxane (12 mL). After gradually cooling to room temperature, the
secondary alcohol at the C-9 position, conjugate addition of a precipitate was filtered to afford an additional cropd (0.7 g)

silicon followed by the Tamao oxidation to construct the

as a white solid. These two crops were combined, and péiveas

secondary alcohol at the C-6 position, and the Donohoe obtained in a 94% vyield (5.3 g) as a white solid. The enantiomeric

methylation to construct the chiral carbon at the C-7 position.

This work demonstrates the utility and practicality of the-Gd

excess did not change in this washing process. M.p—133°C;
IR (neat,vmay 2230, 1590, 1437, 894 crit 'H NMR (500 MHz,

8-catalyzed enantioselective Strecker reaction of ketoimines in CDCl) 6 7.99 (d,J = 8.2 Hz, 1H), 7.96 (d) = 8.3 Hz, 1H), 7.84

complex molecule synthesis. Because chitdlydroxy a,a-

disubstituted amino acid derivatives are widely found as a chiral

building block of biologically active compounds in natural

sources, the method described herein should have genera

applicability. Efforts are ongoing to extend this methodology

(d,J = 8.2 Hz, 1H), 7.83 (dJ = 8.2 Hz, 1H), 7.44—7.56 (M, 6H),
5.77 (m, 1H), 3.24 (dJ = 5.8 Hz, 1H), 2.69—2.73 (m, 1H), 2.59
(sept,d = 8.2 Hz, 1H), 2.44-2.47 (m, 1H), 2.342.40 (m, 1H),

22 (d,J = 7.0 Hz, 3H), 1.18 (dJ = 7.0 Hz, 3H);33C NMR (125

Hz, CDCk) 6 149.5, 133.6, 132.5, 132.5, 132.4, 132.2, 131.4,
131.3, 131.1, 129.8, 128.8, 128.7, 128.7, 128.6, 120.4, 62.2, 40.2,

to the synthesis of other pharmaceutical leads containing chiral29 4, 26.9, 22.9, 22.7P NMR (CDCE) 6 20.9. LRMS (FAB)

a,a-disubstituted amino acid derivatives.

Experimental Section
(19)-N-[1-Cyano-2-isopropylcyclopent-2-en-1-ylIP,P-diphenyl-
phosphinic amide (16).Gd(HMDS) solution in THF (0.2 M, 2.0
mL, 0.40 mmol) was added to a solution of liga®@276 mg, 0.6

1224 J. Org. Chem.Vol. 71, No. 3, 2006

m/z(%): 373 [M" + Na]. HRMS (FAB) calcd for GH24N,OP*

[M* + H], 351.1621; found, 351.1635a]%% +12.9° (c 0.51,
CHCl;, 90% ee). For the determination of the enantiomeric excess,
see Supporting Information. Chiral ligar@l was recovered as
follows. The filtrate solution containing ligar@lwas evaporated,
and concentrated aq HCI (20 mL) was added to the residue. The
mixture was heated at 100@ for 5 h and poured into water (50
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mL). Ligand 8 was extracted with EtOAc (20 milx 2). The

JOC Article

THF (0.233 M, 30 mL, 6.94 mmol) was added to diethyl zinc in

combined organic phase was washed with brine (30 mL), dried hexane (1 M, 6.9 mL, 6.94 mmol) in THF (63 mL) at’C. After

(NaSOy), and concentrated. PuBawvas recovered through a silica
gel column chromatography (EtOAc/hexane, 1:1, 90% vyield).
Ethyl 2-Isobutyryl-5-oxo-p-prolinate (5). To a solution of6
(217 mg, 0.73 mmol) in MeOH (12 mL) was bubbled ozone at
—78°C for 30 min. MeS (0.54 mL, 7.3 mmol) was then added to

10 min, the solution was cooled t678 °C and4 (2.33 g, 6.31
mmol) in THF (28 mL) was added. Two portions of (diethylamino)-
diphenylsilylithium in THF (0.233 M, 1.1 equiv (30 mL} 0.5
equiv (13.5 mL)) were added every 30 min before starting material
4 disappeared on TLC. A slurry of Nj@l (15 g) in absolute EtOH

reduce the ozonide. The reaction mixture was gradually warmed (65 mL) was added at 78 °C, and the mixture was stirred at room

to room temperature over 4 h and was stirred foh atroom
temperaturetert-Butyl alcohol (8 mL) was added to the reaction
mixture. MeOH and MgS were evaporated in vacuo. To the
solution of the aldehyde itert-butyl alcohol were added water (2
mL), NaH,PO, (234 mg, 1.95 mmol), 2-methyl-2-butene (0.33 mL,
2.92 mmol), and sodium chlorite (132 mg, 1.46 mmol) at room
temperature. After 2 h, saturated ag,8#; (20 mL) and 10% aq

temperature for 12 h. After adding water, the products were
extracted with EtOAc (20 mlx 2). The combined organic phase
was washed with brine (50 mL), dried (M#0y), and concentrated.
The residue was patrtially purified by flash column chromatography
(EtOAc/hexane 1:4-1:1) to obtain the (diethylamino)diphenylsilyl
adduct (4.34 g) and the corresponding hydrolyzed silanol (0.96 g).
To a solution of the (diethylamino)diphenylsilyl adduct (4.34 g) in

citric acid (20 mL) were added, and the products were extracted DMF (63 mL) were added KHF (982 mg, 12.6 mmol) and
with CH,CI, (20 mL x 2). The combined organic phase was washed 3-chloroperoxybenzoic acid (4.7 g, 18.9 mmol) in a water bath.

with brine (20 mL), dried (Ng5Qy), and concentrated to give the
crude carboxylic acid. Concentrated30, (20 uL, 0.37 mmol)

After 2 h, KHF, (982 mg) and 3-chloroperoxybenzoic acid (4.7 g)
were further added. After stirring f@ h at room temperature, the

was added to the residue in EtOH (8 mL). The reaction mixture reaction mixture was poured into saturated ag3¥@; (30 mL).

was heated 09 h at 80°C. After cooling to room temperature,
the reaction mixture was poured into saturated aq Naf 0
mL), and the products were extracted with EtOAc (20 mL2).

The products were extracted with EtOAc (40 mL 2). The
combined organic phase was washed with brine (50 mL), dried
(N&SQy), and concentrated. The residue was purified by flash

The combined organic phase was washed with brine (20 mL), dried column chromatography (EtOAc/hexane, +42:1) to afford3
(Na;SQy), and concentrated in vacuo. The residue was purified by (1.23 g, 50%, 2 steps). Meanwhile, KKH827 mg, 4.2 mmol) and

flash column chromatography (EtOAc/hexane+:2:1) to afford

5 (134 mg, 81%, 3 steps) as a colorless oil. IR (neaty) 1751,
1706, 1465, 1098 cnt; *H NMR (500 MHz, CDC}) 6 6.47 (brs,
1H), 4.23 (9 = 7.0 Hz, 2H), 2.95 (septl = 6.7 Hz, 1H), 2.7+
2.72 (m, 1H), 2.33—2.45 (m, 3H), 1.27 @,= 7.0 Hz, 3H), 1.11
(d, J = 6.7 Hz, 3H), 1.07 (dJ = 6.7 Hz, 3H);13C NMR (125
MHz, CDClL) 6 207.6, 176.4, 169.1, 73.6, 62.8, 35.8, 29.4, 27.2,
19.8,19.7, 14.0. LRMS (ESH/z(%): 249.8 [M" + Na]. HRMS
(FAB) calcd for GiHi1gNO4© [MT + H], 228.1230; found,
228.1238. [0}’p —86.6°(c 0.92, CHC}, >99% ee).

(1S1'S)-Ethyl 2-[1'-hydroxy-2'-methylpropyl]-5-oxo-p-pro-
linate (18). Isopropylmagnesium bromide in THF (0.67 M, 24.8
mL, 16.6 mmol) was added dropwise %q1.08 g, 4.75 mmol) in
THF (158 mL) at 4°C. After stirring for 11 h, 1 N hydrochloric

3-chloroperoxybenzoic acid (1.56 g, 6.31 mmol) were added to a
solution of the silanol (0.96 g) in DMF (21 mL) in a water bath.
After 4 h, the reaction mixture was poured into saturated aq
N&S,03. The workup and purification as described above gave
(162 mg, 7%, 2 steps) as a colorless oil (combined yiel8l7%).

IR (neat,vmay 3471, 2977, 1790, 1748 crhi *H NMR (500 MHz,
CDCl) 6 5.87 (d,J = 4.0 Hz, 1H), 4.87 (ddJ = 8.6 Hz, 1H),
4.18 (q,J = 6.9 Hz, 2H), 2.88, 2.84 (dd] = 8.6, 9.2 Hz, 1H),
2.74,2.70 (dd) = 8.6, 9.2 Hz, 3H), 2.43 (brs, 1H), 2.12 (s, 3H),
1.87 (brs, 1H), 1.82, 1.81 (dsept,= 3.4, 6.9 Hz, 9H), 1.47 (s,
9H), 1.23 (t,J = 6.9 Hz, 3H), 0.93 (dJ = 6.9 Hz, 3H), 0.85 (d,

J = 7.0 Hz, 3H);3C NMR (125 MHz, CDC}) 6 171.7, 169.2,
169.0, 148.6, 84.7, 75.5, 73.7, 65.6, 61.8, 38.1, 29.1, 27.7, 21.3,
21.0,17.2,14.0. LRMS (ESH/z(%): 410.2 [M" + Na]. HRMS

acid (100 mL) was added to the reaction mixture, and the products (FAB): calcd for GgHzoNOg™ [M* + H], 388.1966; found,

were extracted with EtOAc (100 mk 1) and CHCI, (100 mL x
3). Saturated aq NaHGQwas added to the aqueous phase until
the pH= 8. The products were again extracted with {CH (100

388.1962. [03% —20.9°(c 0.84, CHC4, >99% ee).
Lactacystin (1). The conversion of2 to 1 was conducted
following the literature procedur®.To a solution off-lactone2

mL x 4). The combined organic phase was washed with brine (200 (17.5 mg, 0.082 mmol) in C¥Cl, (2 mL) were added triethylamine

mL), dried (NaSQy), and concentratedH NMR analysis of this
crude mixture indicated that the ratio 48 and 19 was 10:1.
Enantiomerically purel8 was obtained by recrystallization as
follows. After the addition of toluene (6 mL) to the solid residue,
the mixture was heated at 8C to give a clear solution. Then

(31 uL, 0.22 mL) andN-acetylt-cysteine (9.5 mg, 0.058 mmaol),
and the mixture was stirred at room temperature for 24 h. The
reaction mixture was concentrated and purified twice by flash
column chromatography (first, GEl,/MeOH/AcOH, 10:2:1; sec-
ond, EtOAc/MeOH/AcOH, 10:1:1) to afford lactacysfir{12.8 mg,

hexane (7.5 mL) was added, and the slurry was cooled to room 58%). The'H NMR data matched data reported in the litratéh@.

temperature. The precipitate was filtered to affb8{436 mg, 40%)

IH NMR (500 MHz, CDC}) 6 9.91 (s, 1H), 8.79 (brs, 1H), 5.40

as a white solid. The enantiomeric excess was checked by chiral(brs, 1H), 5.34 (dJ = 6.9 Hz, 1H), 4.59 (dJ = 6.9 Hz, 1H), 4.05

HPLC to be>99% ee (DAICEL, Chiralpak AD-Hi-PrOH/hexane/
trifluoroacetic acid= 20:80:0.1, flow= 1.0 mL/min, 220 nm{r
= 5.9 min (minor) and 7.1 min (major)). M.p. 12223 °C; IR
(neat,vmay 3330, 1730, 1697, 1258 crh *H NMR (500 MHz,
CDCls) ¢ 6.05 (brs, 1H), 4.264.27 (m, 2H), 3.61 (dJ = 5.2 Hz,
1H), 2.49—2.31 (m, 4H), 1.741.67 (m, 1H), 1.31 (tJ = 7.5 Hz,
3H), 0.97 (dJ = 6.9 Hz, 3H), 0.94 (dJ = 6.9 Hz, 3H);*3C NMR
(125 MHz, CDC}) ¢ 178.6, 173.2, 80.1, 69.3, 61.8, 31.0, 30.1,
29.9, 20.6, 17.9, 14.0. LRMS (ESh/z (%): 251.8 [M" + Nal].
HRMS (FAB): calcd for GiHoNO4+ [M* + H], 230.1387; found,
230.1392. [03% +10.2°(c 0.95, CHC}, >99% ee).

1-tert-Butyl 2-Ethyl (2S,3S)-2-[(1S)-1-(Acetyloxy)-2-methyl-
propyl]-3-hydroxy-5-oxopyrrolidine-1,2-dicarboxylate (3). (Di-
ethylamino)diphenylsilylithium in THF solution was prepared from
(EtN)PhSICl and Li in an ice bath for 3 K This silyllithium in

(dd,J=5.1, 14.0 Hz, 1H), 3.863.79 (m, 1H), 3.47 (dg) = 7.5,
7.5 Hz, 1H), 2.29—2.21 (m, 1H), 2.03 (s, 3H), 1.56 Jd= 7.5 Hz,
3H), 1.25 (d,J = 6.9 Hz, 3H), 1.18 (dJ = 6.9 Hz, 3H).
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