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Total Synthesis of TMC-95A and -B via a New Reaction
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Abstract: A full account of the total syntheses of proteasome inhibitors TMC-95A and -B is provided. A
key feature of the syntheses involved installation of a cis-propenylamide moiety by a thermal rearrangement
of an a-silylallyl amide. The scope and mechanism of the enamide-forming reaction are discussed. Also
provided are some preliminary results from SAR studies. It was found that simplified analogues can retain

the full potency of proteasome inhibition.

Introduction

In eukaryotic cells, degradation of key regulatory proteins
by the ubiquitin-proteasome pathway is crucial for many
important cellular processes, including cell cycle progression,
apoptosis, antigen presentation, and AB-activation!2 Selec-
tive proteasome inhibitors are of therapeutic potential for a
number of disorders, such as cancer, inflammation, and immune
diseases.

TMC-95A (1a) and its diastereoisomers TMC-95B® (1b—

d, Figure 1), recently isolated as fermentation products of
Apoispora montagnéi,represent a new class of selective
proteasome inhibitors. Among their defining structural charac-
teristics are (i) the cyclic polypeptide array containintyrosine,
L-asparagine, and highly oxidizeetryptophan moieties, (ii) an
acylated Z)-1-propenylamine substructure, and (i) a 3-methyl-
2-oxopentanoic acid substructure in the form of an amidic
linkage to the tyrosine-like sector of the cyclic peptide.
Biological studies showed that TMC-95A inhibited the chy-
motrypsin-like (CT-L), trypsin-like (TL), and post-glutamyl
peptide hydrolytic (PGPH) activities of the proteasome witkyIC
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Figure 1. Structures of TMC-95A-D.

values of 5.4, 200, and 60 nM, respectiveliMC-95B inhibited
these activities to the same extent as TMC-95A, while TMC-
95C and -D were 26150 times weaker. The binding mode of
these inhibitors to the proteasome has been recently elucidated
by X-ray crystallography. Unlike other synthetic or natural
proteasome inhibitor®, TMC-95A does not modify theN-
terminal catalytic threonine residue. It binds to the active sites
of the proteasome via characteristic hydrogen bonds. TMC-95A
also showed cytotoxic activities against human cancer cells
HCT-116 and HL-60 with 1G values of 4.4 and 9.&M,
respectivelyt

The combination of structural novelty and potency, as well
as the unique inhibition mechanism of TMC-95A and -B has
served to generate considerable interest among synthetic organic
chemists. Not surprisingly, a variety of approaches have been
pursued by several research grod@3ur group reported the

801-847. (b) Ciechanover, AEMBO J 1998 17, 7151-7160.

(3) Myung, J.; Kim, K. B.; Crews, C. MMed. Res. Re 2001, 21, 245-273.
(b) Kisselev, A. F.; Goldberg, A. LChem. Biol 2001, 8, 739-758. (c)
Goldberg, A. L.; Rock, KNat. Med 2002 8, 338—-340.

(4) Koguchi, Y.; Kohno, J.; Nishio, M.; Takahashi, K.; Okuda, T.; Ohnuki,
T.; Komatsubara, S]. Antibiot 200Q 53, 105-109.

(5) Kohno, J.; Koguchi, Y.; Nishio, M.; Nakao, K.; Kuroda, M.; Shimizu, R.;
Ohnuki, T.; Komatsubara, S. Org. Chem200Q 65, 990-995.

10.1021/ja049821k CCC: $27.50 © 2004 American Chemical Society

(6) Groll, M.; Koguchi, Y.; Huber, R.; Kohno, J. Mol. Biol. 2001, 311, 543~
548

(7) (a) Lin, S.; Danishefsky, S. Angew. Chem., Int. ECR001, 40, 1967
1970. (b) Inoue, M.; Furyama, H.; Sakazaki, H.; Hirama, ®tg. Lett.
2001, 3, 2863-2865. (c) Ma, D.; Wu, QTetrahedron Lett2001, 42, 5279~
5281. (d) Albrecht, B. K.; Willians, R. MTetrahedron Lett2001, 42,
2755-2757. (e) Ma, D.; Wu, QTetrahedron Lett200Q 41, 9089-9093.

J. AM. CHEM. SOC. 2004, 126, 6347—6355 = 6347



ARTICLES Lin et al.

Scheme 1. Synthetic Plan? Scheme 2. Attempted Synthesis of 7-Bromooxindole 2a?
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a Conditions: (a) (1) DIBAL/toluene;-78°C, 1 h; (2) methyl (triphen-
ylphosphoranylidine)acetate, GEl,, rt, 88% (two steps); (b) (1) LiOH,
THF/MeOH/H:0, (2) TBSCI, E{N/DMAP, (3) (COCIy, DMF (cat.); (c)
2,6-dibromoaniline, NaH, DMF/THF, 75C, 1.5 h, 44%,; (d) [Pd(PRJx]
or Pd(OAc), 5—15%. DIBAL = diisobutylaluminum hydride, TBS- tert-
butyldimethylsilyl, DMAP = 4-(dimethylamino)pyridine.

Discussion of Results

TMC-95A&B (1a,b) Synthesis of the Oxindole Fragment.A synthesis of
aTIPS = triisopropylsilyl, Cbz = benzoxycarbonyl, Boc= tert- 7-bromooxindole2a was first attempted by recourse to a
butoxycarbonyl, X= Br or I. palladium-mediated intramolecular Heck reaction of substituted

N-acyl-2,6-dibromoanilind.0 (Scheme 2). The synthesis com-
total synthesis of TMC-95A and -B. A key phase of that menced from methyl est& derived fronmp-serine'? Reduction
synthesis involved installation of the cis-propenylamide moiety of 7 with DIBAL gave a crude aldehyde, which was treated
by a thermal rearrangement of arsilylallyl amide® Later, the ~ with methyl (triphenylphosphoranylidene)acetate to provide the
Williams group reported a total synthesis of TMC-95A/B by q,S-unsaturated este8. The latter was converted to the
linkage to compoundglab shown below? Very recently, corresponding acid chlorid® under neutral conditions via a
Hirama and co-workers reported a total synthesis of TMC-95A. three-step procedure of the type developed by Wiskher.
In this synthesis, theis-propenyl amide was produced through Acylation of 2,6-dibromoaniline with9 was sluggish and
a decarboxylativanti elimination1® Below, we disclose experi-  affordeda,S-conjugated amidd.0 in only moderate yield. In
ments that resulted in the total synthesis of TMC-95A and -B. light of the subsequent breakdown of this plan, this anilide
Notwithstanding some significant improvements in the synthesis, formation step was not optimized.
reaching the final natural targets was still prohibitively laborious ~ Intramolecular Heck reactions &0 were then investigated.
in terms of a potential drug development program. We Unfortunately, the desired cyclic product, 7-bromooxindzae
demonstrate below some positive SAR results, which serve toWas obtained in very low yields ¢515%), even after significant
significantly simplify the synthetic endpoints required to realize €fforts at optimization. Since reactions of this general type are
equivalent bioactivity. The status of the project from the known ! we tend to ascribe the breakdown here to the presence

standpoint of a potential drug discovery program is evaluated ©f the second bromine flmetion 0 or the lack of protection
in the light of these new findings. We also report on the scope of the amidic NH group? Clearly, the synthesis as proposed

of the enamide forming reaction, and provide some mechanisticWOUId be ha_r_d-pressed o progress, given the near breakdown
insights as to its nature. of such a critical step at an early stage.

Accordingly, an alternative synthesis of the oxindole fragment
Overall Synthetic Strategy. Our synthetic plan, from the  \yas investigated. The key proposal envisioned a crossed-aldol
outset, stressed convergence in assembling a protected cor@eaction of serine-derived aldehyde and 7-iodooxindolel6
system on to which the remaining required pendant functionality (Scheme 3). Aldehyd&2 was synthesized in high yield from
at C25 and N33 could be mounted. We envisioned that a N-Boc-b-serine 11 following TIPS ether protection of the
Suzuki-Miyaura coupling reactioft could join aryl halide2 hydroxyl group and DIBAL reduction. The required precursor
and aryl boronat®. Installation of Asn residud followed by to oxindole16, 7-iodoisatinl5, was obtained in good yield in
macrolactamization could reach key structér¢Scheme 1). two steps from 2-iodoanilin@3 via intermediate isonitrosoac-
Obviously, the quality of the most speculative stefi$ etanilide14.15
introduction of the 6,7-diol functions, (ii) fashioning of the €1 We note, parenthetically, that the mechanism for this trans-
C20 bond by a SuzukiMiyaura reaction, and (iii) macrolacta- ~ formation is not known in detail. It might involve initial
mization—would be determined only through experimentation. conversion of the aldoxime to a nitrile, with the latter serving

(12) McKillop, A.; Taylor, R. K.; Watson, R. J.; Lewis, Nynthesid994 31—
(8) Lin, S.; Danishefsky, S. Angew. Chem., Int. E2002 41, 512-515. 33

(9) Albrecht, B. K.; Williams, R. M.Org. Lett 2003 5, 197—-200. (13) Wissner, A.; Brudzinskas, C. \J. Org. Chem1978 43, 3972-3974.
(10) Inoue, M.; Sakazaki, H.; Fukuyama, H.; Hirama, Ahgew. Chem., Int. (14) Madin, A.; Overman, L. ETetrahedron Lett1992 33, 4859.
Ed. 2003 42, 2654-2657. (15) (a) Marvel, C. S.; Hiers, G. ®rganic SynthesedViley: New York, 1941;
(11) For a review of Suzuki coupling reactions, see: Miyaura, N.; Suzuki, A. Collect. Vol. |, pp 327330. (b) Lisowski, V.; Robba, M.; Rault, S.
Chem. Re. 1995 95, 2457-2483. Org. Chem 200Q 65, 4193-4194.
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Scheme 3. Synthesis of 7-lodooxindole 2b? Table 1. Condensation of Oxindole 16 with Aldehyde 12
o o yield2 ee¢
HO /\)J\OMe a TIPSO/\-)J\H entry conditions (%) ElZ> (%)
HN HN, 1 piperidine (cat.), MeOH or 44-50 20/1 O
‘Boc 12B% EtOH, 65°C, 2—-3 h
11 2 piperidine (cat.), THF, rt, 55 1.7/1 ~10
OH 17—-44h
N o) 3 (i) LDA (2.1 equiv), THF,—78°C, 76 131 92
b 7 c 16, then12, 1 h; (ii) TEA (2.5 equiv),
NH, N/Lo N0 MsClI (1.2 equiv), CHCI,, —60 to—30°C,
I | H | H ~2h ‘
13 14 15 4 (i) LDA (2.0 equiv), THF,—78°C, 74 1.2/1 96
16, then12, 1.5 h; (ii) TEA (3 equiv),
OTIPS MsCI (1.5 equiv), CHClp, —70 to—50°C,

15h

Boc’N'u
‘ - ° X Z 2|solated yield.” Determined by!H NMR; two isomers are separable.
mo | /k H ¢ Determined by chiral HPLC.
i A 7 No
16 I 2 Suzuki—Miyaura Cross-Coupling. Aryl borate 3a, the
a Conditions: (a) (1) TIPSCI, imidazole, 94%; DIBAL;78 °C, 96%; second component required for Suzdkiyaura cross-coupling,
(b) CCECH(OH), NH,OH-HCI, N&;SQu, H0, 45°C, 12 h, 66%; (c) was prepared starting fromtyrosine (Scheme 4). Methyl ester
:g((lé Izl? g(') 13 ’;“E g%zs(iﬁo(‘i)te(;g)!\‘&'\g‘;"g%éf’;c' 1h() formation, as shown, followed by protection of the amino group
as its Cbz derivative under standard conditions afforded phenol
17 in quantitative yield. Subseque@methylation of17 with
Me,SQOq in the presence of LIOH in THF providelB in 86%
yield.1” Selective iodination ofL8 at the 3-position, ortho to
the methoxy group, was accomplished in high yield with |
AgSQ, in methanol (see compountd).’® The required aryl
borate 3a was obtained froml19 in 95% vyield following
Miyaura’s protocol®

With 7-iodoxindole 2b and aryl borate3a in hand, the
proposed SuzukiMiyaura cross-coupling reaction could be
investigated?® After an extensive survey of conditions (catalyst
loading, temperature, and reaction time, equivalents of borate
and base), we identified a regimen that afforded coupling
product20in >70% yield as a 2:1 mixture & andZ isomers,

- P ) respectively (Scheme 5). The two isomers were separable by
with 96% ee. Subsequefitelimination of the derived mesylate  gjjica gel chromatography, and the stererochemistry of each was
afforded the desired.f-unsaturated lactam target as BiZ determined by NOE experiments (similar to those conducted
mixture of stereoisomers. The compounds were separated, thus;; ihe stage ofb). Seemingly, by NMR analysis, no epimer-
facilitating NMR analysis at the stage of the mixtures. In j;a40n of the methinyl allylic urethane center at the future C-8
addition, it was possible to evaluate the extent of racemization position had taken place under these conditions. Howd/gr,

of the N-Boc-bearing asymmetric center (corresponding to C8 jsomerization apparently did occur during the Suzuki process.
in 1a—d). In principle, racemization might have occurred at The ratio of geometric isomers seen in the product (ca. 2:1)
the level of aldehydd 2 or by y-deprotonation of producb. was independent of the nature of the E/Z ratio of starting

In Table 1, we summarize the results of varying the reaction material2b. Fortunately, recycling oZ-20to the usual 2:E/Z
conditions on yieldsE—Z ratios, and maintenance of enantio- distribution could be accomplished following its thermolysis
meric integrity of producgb. in DME in the presence of catalytig.1®

as the active electrophile. Alternatively, the oxime may be the
active electrophile (with cyclization occurring at a faster rate
than Beckman rearrangement (or dehydration to nitrile). The
resultant hydroxylaminolactam, could in principle, suffer, ready
conversion to the isatin h¥-elimination of water, and hydrolysis
of the monoimine.

The next phase in the progression involved conversion of
isatin 15, to the required oxindole. This was accomplished in
two stages. The first apparently involves formation of the
a-hydrazone lactam. This is followed by “WetKishner like”
reduction, leading to the desirel.16 Aldol condensation of
16 with aldehydel2, mediated through the use of 2 equiv of
LDA, proceeded smoothly to provide alkeBbk in good yields

Scheme 4. Synthesis of Aryl Borate 3a2

3a (o)

aConditions: (a) (1) MeOH/SOg| (2) CbzCl, KCO;, HxO/acetone, 96% (two steps); (b) LiOH, MO, 86%; (C) b, Ag2SOy, MeOH, rt, 1.5 h, 93%;
(d) bis(pinacolato)diboron, [Pd&tippf)]-CH,Cl,, KOAc, DMSO, 80°C, 13 h, 95%. dppf= bis(diphenylphosphanyl)ferrocene.
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Scheme 5. Biaryl Linkage Formation by Suzuki Coupling@

OTIPS

OTIPS

aConditions: (a)3a, [PdCh(dppf)]-CH.Cl,, KOAc, DME, 80°C, 2 h, 72% E/Z ~ 2/1); (b) k. (cat.), DME, 80°C, 1 d, 87% (63% conv). DME=
1,2-dimethoxyethane.

Table 2. Conditions Investigated for Dihydroxylation of 23a,b

yields (%)
entry 23 conditions 24 (SIR) 25 23a

1 a 0OsQ, (0.4 equiv), NMO (1.2 equiv), acetonefd (9:1), rt, 4 h 59 (1/2) 17 0

2 a OsQ,; (0.1 equiv), NMO (1.2 equiv), (DHQDR)-PHAL (0.15 equiv), 84 (1/1.8) <5 <5
t-BUOH/H,O (2:1), rt, 1 h

3 a 0OsQ, (0.1 equiv), NMO (1.2 equiv), (DHQ)-PHAL (0.25 equiv), 89 (1/3.7) <3 <3
t-BUOH/H,0O (2:1), 1t, 1 h

4 a AD-mix-£, t-BUuOH/H,0, 0°Ctort, 1d no reaction

5 a “Super"AD-mix- (OsQy: 5%),t-BuOH/H,0, 0°Ctort, 3 h trace 29 64

6 b OsQ; (0.1 equiv), NMO (1.2 equiv), (DHQDR)-PHAL (0.15 equiv), 84 (1/1.7) <5 <5
t-BUOH/H;0 (2:1), rt, 4 h; TIPS-CI, imidazole/DMAP, 5 h

7 b OsQ (0.1 equiv), NMO (1.2 equiv), (DHQ)-PHAL (0.25 equiv), 81 (1/1.4) <5 <5

t-BUOH/H,O (2:1), rt, 4 h; TIPS-CI, imidazole/DMAP, 5 h

Macrolactamization. With compound20in hand, the phase  Treatment of23a with HF/pyridine did indeed afford free
of the program ultimately directed to macrolactamization could alcohol23hb. Next, the conditions for dihydroxylation @3ab
begin. From the outset, we had a preference to investigate thewere investigated (Table 2). It was found that using either ligand
dihydroxylation of the C6-C7 alkylidene linkage after macro-  (DHQD),PHAL or (DHQLPHAL accelerated the reactions,
lactam formation. It seemed likely that the macrocyclic structure thereby minimizing the formation of isat®b.2° However, little
would be more rigid than seco counterparts and that this rigidity effect on facial selectivity was observed with or without ligand.
could be exploited to provide diastereoface bias. Furthermore, Under the optimized conditions, dihydroxylation28a (entry
it seemed that protecting group issues would be more manage-2) provided the diol®4in 84% yield @R~ 1/1.8), along with
able _if the dihydroxylation would be postponed as late as 3 small amount of isatin2s (<5%). Dihydroxylation of
possible. homoallyl alcohoR3b (entry 7) in the presence of (DHEPHAL,

TheL-asparagine residue was installed onto the seco frame-followed by selective reprotection of the primary hydroxyl, gave
work. Thus, hydrolysis of thex-methyl ester of20 and  gjmilar results (81%SR ~ 1/1.4, Scheme 6). ThR configu-
conversion of the derived acid to the correspondiNg ration of 24 was assigned by conversion to its primary
hydroxysuccinimide ester paved the way for amide formation secondary diol acetonide (sé®{244), whereupon the coupling

with L-Asn O+-Bu to afford 21, as shown. Exposure &1 to constant between H7 and H8 is 0 Hz, indicating thejn
the action ®4 N HCl resulted in cleavage of the Boc protecting relationship.

group. However, formatlon of the. macrolactam amide bond Treatment o24S with TFA in CH,CI, resulted in concurrent
between the aspargine and the ultimate C8-amino group could . .
removal of the Boc protecting group and hydrolysis of i

not be accomplished under various common peptide-coupling butvl Th d - id h bmitted
conditions (FDPP/DIEA in DMF or EDC/HOAT in DMF, CH utyl ester. The crude amino acid was then submitted to
macrolactamization using EDC/HOAT under highly dilute

Cly, or MeCN). We reasoned that perhaps the rigidity of the o . L

exo double bond at the 3-position of oxindole ring probably conditions (4 mM) in CHCL/DMF (4/1). Cyclization progressed

tilts the future C8 amino group away from the asparagine SMoothly, providing the desired produa in 55% yield over

moiety, thereby disfavoring cyclization. two steps (Scheme 7). The large coupling constant (10.4 Hz)
observed for H#H8 in 5 is similar to those observed in TMC-

Accordingly, dihydroxylation was conducted prior to the 5 i X .
proposed cyclization step. Saponification of the methyl ester 99A and -B (aand1b),* further confirming the configurational
assignments at C6 and A7 was most interesting to diseer

(E)-20 followed by coupling withL-asparagingert-butyl ester } !
(4) as above provided®3a in 70% yield over two steps. that treatment of the R-isome24R) under the same reaction
conditions did not afford any of the cyclization produthis

(16) Crestini, C.; Saladino, RSynth. Commuril994 24, 2835-2841. observation strongly suggested that the stereoconfiguration of
(17) Basak, A.; Nayak, M. K.; Chakraboti, A. Rletrahedron Lett1998 39,
4883-4886.
(18) Sy, W. W.Tetrahedron Lett1993 34, 6223-6224. (20) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung,
(19) Ishiyama, T.; Murata, M.; Miyaura, NI. Org. Chem 1995 60, 7508— J.; Jeong, K.-S.; Kwong, H.-L.; Morikawa, K.; Wang, Z. M.; Xu, D.; Zhang,
7510. X.-L. J. Org. Chem1992 57, 2768-2771.
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Scheme 6. Synthesis of Diols@

(E)-20

23bR=H

(R)-24a

aConditions: (a) LIOH, THF/MeOH/KD; (b) hydroxysuccinimide, DDC, THF, 55% (two steps); (eAsnH,0, EtN, THF/HO, rt, 4 h, 70%; (d)
LiOH, THF/H;0, 0°C, 1.5 h; (e) H-Asn-Q-Bu, EDC/HOAt, THF, rt, 2 h, 70% (two steps); (f) HF/Py, 84%,; (g) #88a OsQ/NMO, (DHQD):,PHAL,
t-BUOH/H;0, rt, 1 h, 84% &R ~ 1/1.8); for23b: (1) OsQ/NMO, (DHQ)PHAL, t-BUOH/H,0, tt, 4 h, (2) TIPSCI, imidazole/DMAP, 5 h, 819%&/R ~
1/1.8); (h) HF/Py; (i) DMP/PPTS, Cil,. DCC = 1,3-dicyclohexylcarbodiimide, ED& 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride,
HOAT = 1-hydroxy-7-azabenzotriazole, Asnasparagine, NMG-= 4-methylmorpholinéN-oxide, (DHQDYPHAL = 1,4-bis(90-dihydroquinidine)phthalazine,
(DHQ)2PHAL = 1,4-bis(90-dihydroquinine)phthalazine, DME 2,2-dimethoxypropane, PPTS pyridinium p-toluenesulfonate.

Scheme 7. Macrolactamization of (S)-242 an oxazolidine could serve to direct stereoselective reactions at
proximal sites of unsaturation (specifically, the dihydroxylation
of (E)-2a).7®

To this end, a crossed-aldol condensation of 7-iodooxindole
16 with 26 was conducted. Following-elimination of the
mesylate derived from the resultiffgaldol, a 1:1.3 mixture of
o,B-unsaturated lactan2c(Z)/2c(E) was obtained. As described
above, the former isomer could be converted to the latter via

HN—Cbz

(S)-24 6a iodine-mediated isomerization as shown (Scheme 8).
aConditions: (a) TFA/CHCl, (4:1), rt, 2 h; (b) EDC, HOAT, DIEA, In anticipation of the need to achieve ultimate deprotection
CH.CI/DMF (4/1, 4 mM), 20 h, 55% (two steps). DIEA= N,N- under the mildest conditions, the protection of the phenol

diisopropylethylamine. hydroxyl of the tyrosine residue was changed from a methyl to

) B o ) _abenzyl group. Thus,-tyrosine was transformed to a suitably
the .dI0| was critical for macrocygllzatlons, at least with this protected derivative?, in three steps as shown. A high-yielding
particular arrangement of protecting groups. ortho iodination o7 led to28 and, thence, following palladium

Modification of the Synthetic Strategy.Considering the low mediated borylation, t@b. Suzuki-type coupling oBb with
facial selectivity of dihydroxylation, we decided to modify our 2c(E) afforded compoun@®9 (75% vyield). The biaryl domain
sequence. Thus, Garner aldehy2fg' was to be employed in ¢ TMC-95A and -B was thus assembled. It was noted that no
place of aldehyda?, since it had been shown earlier that such  g/7 isomerization was observed during this Suzuki process, in
contrast to that described in Scheme 5. This was likely due to
(21) (a) Garner, P.; Park, J. M. Org. Chem 1987 52, 2361-2364. (b) the presence of the constrainifgO-acetonide moiety. Hy-

McKillop, A.; Taylor, R. K.; Watson, R. J.; Lewis, NSynthesid994 31— . )
33. drolysis of the methyl ester function &9 led to the corre-

J. AM. CHEM. SOC. = VOL. 126, NO. 20, 2004 6351
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Scheme 8. Synthesis of Macrolactam 6b2 Table 3. Conditions Investigated for Macrolactamization
entry reagents solvents, concentration yield (%)
1 EDC/HOBT/DIEA CHCI,/DMF (6:1), 2 mM 23
2 EDC/HOAT/DIEA CHCI,/DMF (6:1), 4 mM 30
3 EDC/HOAT/DIEA CHCI,/DMF (6:1), 2 mM 36
4 EDC/HOAT/DIEA CHCI,/DMF (6:1), 1 mM 27
5 EDC/HOAT/DIEA CHClp, 2 mM 29
16 I 6 HATU/DIEA CHCl,/DMF (6:1), 2 mM 32
o[ (5)-20 i o 7 HATU/DIEA DMF, 2 mM 25
@rze =5 8  HATU/DIEA THF, 5mM 24
8 FDPP/DIEA DMF, 5 mM 0
9 FDPP/DIEA CHCI/DMF (6:1), 5 mM 0
10 PyBOP/HOBT/DIEA  CHCI,/DMF (4:1), 4 mM <10

Scheme 9. Proposed Strategy for cis-Enamide Formation

e
' SiEt SiEt, | Proonaion H
O/ SiEt, o SiEts o SiEt:
)J(\ 4 heat 36
RN —_— R)\\ﬁ Q| — )\\ N
y Il orcat > R Nﬂ

Vo

H\) A

34 ) 35 o
(H C-protonation R)J\ NG

(i)

The primary alcohol at position 25 was selectively protected as
its TIPS ether (se&3). Cleavage of thdert-butyl and Boc
groups generated a free amino acid, thereby setting the stage
for macrolactamization studies to reagh.

We investigated a variety of conditions to macrocyclization,
and the results are listed in Table 3. Unfortunately, the best
yield obtained is only 36%, when the combination of reagents
of EDC/HOAT/DIEA was used and the reaction was carried
out in a mixture of CHCI/DMF (6:1, 2 mM)) (entry 3). A
slightly lower yield (32%, entry 6) was obtained by using
HATU/DIEA in a mixture of CHCI/DMF (6:1, 2 mM).

32R=H 6b Installation of the cis-Propenylamide and Completion of
acOnditions-33(aR)=LT||3PAS (2.0 equiv), THF=78 °C, 15 h: then BN the SynthesisHaving assembled the macrocyclic core, the nex_t
MsCl, CH,Clo, —70 to —50 °C, 1.5 h, 81% YE/Z _ 1.3)1); ’(b) b (Cat.)', key issue to b_e add_ressed tc_> reach tht_e tar_get was that _of installing
benzene, 80C, 26 h; DMP/PPTS, toluene, 6E, 5 h; 85% (60% conv); the cis-enamide side chain. Examination of the literature
(c) MeOH/SQClIy; (d) ChzCl/KCOs; (€) BnBr, CsCO;, acetone, reflux, revealed several methods which might, in principle, be relevant
88% (three steps); (f) AGQy/12, MeOH, 1t, 1 h, 99%; () pinacolatodibo- {5 the enamide problef?.However, the applicability of these

rane, [PdCl(dppf)]CH.Cl,, K2COs, DME, 80 °C, 10 h, 91%; (h) E)-2c, . .
[PACL(dppf]CH:Clz, K2COs, DME, 80°C, 2 h, 75%; (i) (1) LiOH, THF/ methods to the active TMC CompOUndS was not certain.

H20, 0°C, 1.5 h, (2) H-Asn-Q-Bu, EDC/HOAT, THF, rt, 2 h, 85% (two Considering the rich diversity of functionality presented by

gt%JS)(:kgi)(%S%ﬁ#flSO/M(DgSD)zEHALét-ﬁugHﬁg(;,crlt, _12_2, 88;%)/[()(1,\'/':AP TMC95A and -B (La,b), we set out to explore a new and mild
:1); eOH, reflux, ; , imidazole, , . .

CHoCly, 1t, 5 h, 88% (wo Steps): (m) (1) TFA/GBI, (4:1), 1t, 2 h, (2) modality for reaching such gsubstructure. We proposed t.hat a
EDC/HOAT/DIEA, CH,CI/DMF (2 mM), rt, 24 h, 36%. DMP= 2,2 substance of the typ&4 might, upon heating or catalysis,
dimethoxypropane, PPTS pyridinium p-toluenesulfonate, dpp# bis- undergo concurrent ene- and silatropic-like bond reorganizations
(diphenylphosphanyl)ferrocene. that would lead t®5 (Scheme 9). If this hypothesis were to be

sponding carboxylic acid which served to acylate the basic fruitful, the cis cha_lrac_ter of the enamide \{vould be virtually
nitrogen of asparagine ©Bu to afford 30. assured at the kinetic level. Moreover, it seemed at least

The facial selectivity of the dihydroxylation reaction was conceivable that the intermediate silyl imidate linkage3m

investigated next. The hydroxyl groups were introduced at c0uld be cleaved, with retrieval of general substruc@ge
carbons 6 and 7 as shown (Scheme 4). Indeed, the presence of The idea is advanced in Scheme 9. Of course, this portrayal
the GarnerN,O-acetonide did preferentially direct the dihy- is intended as an overall accounting of the ultimate disposition

droxylating agent to th®eface (C6) of30, thus affording31 of functional groups in going from starting materia4{ to
in a 5:1 ratio relative to its 8, 7S stereoisomer (not shown). ~ Proposed producs, rather than as a mechanistic statement of
Though the stereochemistry at carbons 6 and 7 was notconcertedness. We envisioned the key step to be the transfer of

rigorously known at this stage, our assignment followed well- the triethylsilyl group from C— O. As the TES group migrates

established precedentslwnh the Garnerd|'rect|ng sy&isitith _ (22) @@ J. K. Stille, Y. Becker]. Org. Chem 1980 45, 2139-2145. (b)
the successful conclusion of the synthesis of TMC-95A (vide Ribereau, P.; Delamare, M.; Celanire, S.; Queguinefl @rahedron Lett.
; ; P ; 2001, 42, 3571-73. (c) Kuramochi, K.; Watanabe, H.; Kitahara,Jynlett
infra) the assignment was vindicated. Deprotection ofN/@- 2000 3, 397-399. (d) Chen, R.; Porco, J. A., Drg. Lett.2000 2, 1333
isopropylidene acetal linkage &1 afforded N-Boc triol 32. 1336.
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Table 4. Rearrangement—Hydrolysis of o-Silylallyl Amides 34

SiEt,  RCOCI, O SiE b j\
. a,
H,N Et;N; or R N ‘ R Hﬁ
| RCO.H, H
39 EDCI/HOAT 34 36
82-95%
EntryR = Conditions Yield
1 a ©}" a. toluene, 110 °C, 10 h; b. H,0 81%
) /©/ a. toluene, 110 °C, 20 h; b. H,0 73%
MeQO
3 ¢ \\ a. toluene, 110 °C, 27 h; b. H,0 67%
o]
4 4 )</'71. a. toluene, 110 °C, 3 d; b. H,0 729%
e TPso” %
5 : a.o-xylene, 110 °C, 4 d; b. H,0 52%
“Boc
Scheme 10. Synthesis of a-Silyl Allylamine
1) n-Buli, -78 °C ) NH;, MeOH .
2; TES-CI SiEt, 40°C, 15h SiEty
/\/ - =
HO 3)s-Buli,-78°C  MsO 27% HN
37 4) Ms-Cl 38 39

65% (one pot)

derivative. In this process, we found the choice of the protecting
groups was crucial to the success of the project. Hydrogenolysis
of 6b in EtOH in the presence of PdC removed the benzyl
and Cbz groups concurrently. Interestingly, EtOH was found
to be a superior solvent than MeOH in that use of the latter
resulted in significant methylation at N33 position. Subsequent
acylation at N33 was achieved using racemic 3-methyl-2-
oxopentanoic acid5). This acid was obtained from its com-
mercially available sodium salt. We saw no purpose to attempt
acylation of the ultimate N33 with enantiomerically pure acid
5 since the C36 stereocenter epimerizes rapidly in this series.
The TIPS protecting group was cleaved from the primary
alcohol. Next, the four hydroxyl groups (positions 6, 7, 19, and
25) were protected as the tetra-TES derivatives &keand
41b). In a key step of the synthesis, reaction of these compounds
with Jones reagefft led to specific oxidation at the primary
center (position 25) to afford the corresponding acids. These
closely related acids gave rise to the desinesilylallyl amide
derivativesA2ab and43apb, following condensation with amine

39 (Scheme 11).

Happily, construction of theZ)-1-propenylamide was ac-
complished by thermally driven rearrangement ofdksilylallyl
amides42ab and 43ab. It was not feasible or necessary to
separate this complex mixture at this stage. Rather the eight
component mixture was advanced, as shown, to provide the
corresponding4)-1-propenylamides. The crude mixture of these
compounds was globally deprotected with pyridine-buffered HF/
pyridine to afford a mixture of our total synthesis goals: TMC-

there is generated an allyl carbanionoid species linked to a95A and -B (La and 1b; 1/1). This mixture was separated by

positively charged imino ether like nitrogen (see species (i)).

reversed-phase HPLC to provide the individual compoutals

Whether species (i) is an actual intermediate or represents aand 1b. Their 'H and 3C NMR spectra were found to be
phase of an overall reorganization cascade leading to the firstidentical to those of authentic samples. The completion of the

uncharged intermediat85 would be an interesting computa-

synthesis of TMC-95A and B had been accomplished.

tional issue. We could foresee a significant synthesis level risk  On the Mechanism of cisEnamide Formation. Shortly

in getting from 35 — 36. Thus, success would requifg-
protonation of the silyl intermediate without interrupting the
cis-enamide functionality. ClearlyG-protonation of the conju-
gated imidate linkage oB5 would lead to (ii) with likely
unraveling of the whole scheme.

following our report of the synthesis of TMC-95A and -B, Houk
and co-workers investigated the mechanismcigenamide
formation fromN-(o.-silyl)allylamides using density functional
calculationg® Their studies strongly suggested a stepwise
dyotropic rearrangement mechanism involving sequential 1,4-

To evaluate these conjectures, a range of probe substratesilyl and 1,4-hydrogen shifts. This mechanism is favored
34 (Table 4) was synthesized. The method involved appropriate energetically relative to a fully concerted variation of Scheme

acylations of the known amin@9.23 This compound was
prepared by using an improved procedure, starting with allyl
alcohol37. The scheme involves one-pot TES ether formation,
retro-Brook rearrangement, and mesylation, followed by dis-
placement of mesylatg8 with ammonia (Scheme 10). As seen
in entries +3 (Table 4), thermolysis of these compounds at
ca. 110°C, for the time periods indicated, gave rise to silyl
imidates 35a—c (observed vialH NMR analysis). Aqueous
hydrolysis of these compounds did indeed afford enan8ées
c. The reaction was applicable to substradel (entry 4), though
a longer thermolysis time was required for its conversion to
35d. Most significantly, the thermolysishydrolysis sequence
proved to be extendable to the aminoacyl subsBdeeleading
to 35eand thence t@6e It was of great interest to determine
whether this new method would find application at the very
late stage of our projected total synthesis.

With the core hypothesis vindicated at the model level, we
proceeded to convedb to the corresponding-silylallyl amide

(23) Chen, S.-F.; Ho, E.; Mariano, P. Betrahedron1988 44, 7013-7026.

9. The two-stage mechanism explained well the experimental
results in Table 2, wherein reactions are considerably faster
whenR = aromatic groups than those whBr alkyl groups.

We note that in going from (i) to species typ§, the transfer

is almost certainly intramolecular, as hypothesized earlier, in
keeping with the strict formation df-olefin.

Synthesis of Simplified AnaloguesThe current synthesis
allowed us to produce small amounts of material, adequate for
conducting the initial proteasome inhibition studies. The initial
studies confirmed the activity in the fully synthetically derived
compounds. However, our ultimate goal would be to develop
potential drug candidates that are more accessible. Thus, we
set out to design and synthesize several simplified TMC-95
analogueg® Even the currently improved route to TMC-95A

(24) (a) Bowden, K.; Heibron, I. M.; Jones, E. R. H.; Weedon, B. Cl.IChem.
Soc.1946, 39. (b) Pilli, R. A.; Victor, M. M.Tetrahedron Lett1998 39,
4421-4424.

(25) Zhang, X. Y.; Houk, K. N.; Lin, S.; Danishefsky, S.J1.Am. Chem. Soc
2003 125 5111-5114.

(26) Yang, Z.-Q.; Kowk, B. H. B; Lin, S.; Koldobskiy, M. A.; Crews, C. M.;
Danishefsky, S. JChemBioChen2003 4, 508-513.
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Scheme 11. Completion of the Synthesis of TMC-95A/B?

42a,bR=H TMC-95A&B (1a,b)
43a,b R =TES
aConditions: (a) (1) Pd/C, & EtOH, rt, 19 h, (2) £)-3-methyl-2-oxopentanoic acid), EDC/HOAT, CHCI,/DMF, rt, 2 h, 85% (two steps); (b) (1)
HF/Py, (2) TESOTf, 2,6-lutidine, C¥Ll,, 0 °C to rt, 15 h, (3) NaHC@ (4) citric acid, EtOAc/HO, 73% (four steps); (c) (1) Jones reagent, acetori€,0
2 h, (2) 39, EDC/HOAT, CHCIl/DMF, rt, 13 h, 45% (two steps); (d) (IO-xylene, 140°C, 3 d, (2) HF/py, THF/py, then M&iOMe, 49% (two steps).

Scheme 12. Synthesis of Analogues?

OR,
RO, :

45R,=H,R,=TIPS
°’:>4e R, =R, =TES

OH o

HO

a7 0

aConditions: (a) Pd/C, | EtOH, rt, 19 h; (b4, EDC/HOAT, CHCI/DMF, rt, 2 h, 57% (two steps); (c) (1) HF/Py, (2) TESOTf, 2,6-lutidine, CH,
0°Ctort, 15 h, (3) NaHC@ (4) citric acid, EtOAc/HO, 56% (four steps); (d) (1) Jones reagent, acetorf&;,@ h, (2) allylamine omn-propylamine,
EDC/HOAT, CHCI/DMF, rt, 13 h; (e) HF/py, THF/py; then M&8iOMe, 39% ford7, 32% for 48 (three steps).

and -B has problematic phases which severely limit the by now quite confident (Scheme 12). Specifically, installation

accessibility of the natural product drugs. Two of these are (i) of a symmetriax-ketoamide group was achieved employiy

the cis-enamide formation steps and (ii) the final separation of Similar transformations provided the corresponding tetra-TES

TMC-95A and -B. derivatives46. Jones’ oxidation, followed by direct coupling
Given these problematic steps, we set out to explore the reaction with allylamine on-propylamine and cleavage of silyl

biological impact arising from replacement of the enamide at ether groups, afforded target analogd@sand 48.

the C-8 position with a simple amide (such as allylamide or  Proteasome Inhibition Studies.The biological activities of

n-propylamide) and from circumventing of the C-36 stereogenic the synthetic analogues were evaluated on purified bovine

center. To this end, compound6 and47, were synthesized in  erythrocyte proteasonté The inhibitory concentrations{app)

a straightforward fashion using chemistry with which we were of the synthetic analogues against all three catalytic activities
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Table 5. Inhibition Constants (Kiapp) of Catalytic Activities of the
Proteasome by Synthetic Inhibitors?

Klapp = [|]/(V0/V5) - l]b

CT-L activity PGPH activity TL activity
(nM) (nM) (M)
TMC-95A (1a) 1.1 29 0.8
TMC-95B (1b) 1.7 23 1.1
47 1.9 23 1.2
48 24 110 13

aThe concentrations required for inhibition of the three proteasome
catalytic activities were determined for TMC-95A and -B and their synthetic
analogues® The valueu, is the rate of enzyme activity in the absence of
inhibitors, andus is the steady rate of inhibited enzyme activities.

analogue 47), featuring replacement of the enamide function
with an allylamide and elimination of C36 stereogenic center,
retains potent inhibition against proteasome activities. These
findings certainly serve to provide more accessible drug
candidates relative to the natural products. Future work will
focus on such improvements.

However, for this work to progress to a viable platform for
a feasible drug discovery program, we would have to improve
the accessibility of equipotent compounds by anothe? arders
of magnitude. This could, in principle, be accomplished by
dramatic improvements in the synthesis or dramatic simplifica-
tion in the structures required for activity. Thus, the field of
TMC-95 inhibitors still merits continuing attention and creative

of the proteasome are reported in Table 5 and compared withadvances from synthetic and pharmaceutical chemists.

those of TMC-95A and B. Remarkably, the allylamidé&,

bearing a shorter side chain at the C14 position retains full

inhibition potency of all three proteasome activities. The
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In summary, our totally synthetic route to TMC-95A and -B
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