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fz’ A Biomimetically Inspired Synthesis of the

Dehydropiperidine Domain of Thiostrepton™*
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In the preceding communication,!!l we described a stereo-
selective construction of the macrocycle of thiostrepton (1)
which incorporates the quinaldic acid moiety of the mole-
cule.’?) Herein we report an expedient synthesis of the

dehydropiperidine o | H ©
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dehydropiperidine domain 2 (Scheme 1)P*®! of this complex
antibiotic based on a biomimetic strategy involving a cascade
reaction, which features a striking dimerization of a designed
azadiene 3, through a hetero-Diels— Alder reaction,* fol-
lowed by hydrolytic excision of the superfluous thiazole
moiety.

Based on some elegant biosynthetic studies, Floss and co-
workersP!  suggested a  hetero-Diels— Alder reaction
(Scheme 2, II—III) as a key step in the biosynthesis of
thiostrepton (1). Specifically, it was proposed that a precursor
such as I (Scheme 2), upon elimination of a water molecule,
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Scheme 1. Retrosynthetic analysis of the dehydropiperidine core 2.
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Scheme 2. Postulated biosynthesis of the dehydropiperidine domain of
thiostrepton (1). R = peptide backbone.

gives rise to the hydroxy azadiene system II, which undergoes
an intramolecular [4+2] cycloaddition reaction to afford
hydroxydehydropiperidine system III. Subsequent 1,4 dehy-
dration then furnishes a conjugated azadiene system, whose
1,4 reduction leads to the thiostrepton structure IV
(Scheme 2).

Inspired by this fascinating hypothesis, we sought to devise
a chemical route for the construction of dehydropiperidine
moiety 2 of thiostrepton, as shown in Scheme 3. Our proposed
strategy involved the design of a cascade sequence whereby a
suitable precursor would generate the 2-azadiene 3, whose
dimerization”! through a hetero-Diels— Alder cyclization
would proceed through a pathway in which the conjugated
imino-olefin system of one molecule would act as the diene
and the olefinic unit of another molecule would serve as the
dienophile (Scheme 3, TS-3). Although no facial selectivity
was anticipated in this process, the endo rule was expected to
prevail, thus leading to the desired trans relationship between
the two adjacent thiazole rings in structure 4. Whether the
remote chiral Boc acetonide moiety of 3 would exert any
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Scheme 3. Proposed biomimetic strategy for the laboratory synthesis of
the dehydropiperidine domain 2. R; = CO,Et, R, =Boc acetonide threo-
nine side chain. Boc = tert-Butoxycarbonyl.

stereochemical control on the expected [4+2] cycloaddition
was an open question. Subsequent hydrolysis of the labile
exocyclic imine functionality of 4 was then expected to
generate the desired dehydropiperidine system 2, with the
concomitant release of thiazole aldehyde 5. Thiazole 5 would
be recycled back into 3 thus, in principle, increasing the
efficiency of the overall process.

To implement this strategy we chose thiazolidine compound
13 (Scheme 4) as a suitable precursor for the required
2-azadiene system 3 (Scheme 2). The convergent synthesis
of 13 proceeded from L-cysteine (6) and L-threonine (10), as
shown in Scheme 4. Thus, the amino acids 6 and 10 were
converted into their Boc acetonide derivatives 7 and 11,
respectively, by known procedures.’l Acetonides 7 and 11
were then converted into 8 and 12, respectively, by means of
the modified Hantzsch thiazole-forming reaction./”’ Removal
of the Boc group from intermediate 8 under acidic conditions
(TFA) and subsequent concentration in the presence of EtOH
and H,O led to complete removal of the generated acetone
and the isolation of amino thiol 9 in 98 % yield. On the other
hand, DIBAL reduction of ethyl ester 12 furnished aldehyde §
cleanly (87 % yield). Finally, condensation of fragments 9 and
5 in EtOH/H,O (1:1) in the presence of KHCO; proceeded
smoothly to afford the desired thiazolidine 13 in 90 % yield.

With thiazolidine 13 in hand, we were now in a position to
test the hypothesis of the hetero-Diels—Alder reaction
proposal as part of the cascade leading to the projected
dehydropiperidine system 2. Indeed, exposure of a solution of
13 in pyridine to Ag,CO; and catalytic amounts of DBU at
—15°C led to the rupture of the thiazolidine moiety and
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Scheme 4. Synthesis of thiazolidine 13. Reagents and conditions: a) ace-
tone, 60°C, 2h, 99%; b) Boc,0 (1.2 equiv), iPr,NEt (1.1 equiv), MeCN,
25°C, 48 h, 40%; ¢) DCC (1.1 equiv), HOSu (1.1 equiv), THF, 0°C, 3 h;
then NH; (aqueous, 28%), 0°C, 30 min, 65%; d) Lawesson’s reagent
(0.6 equiv), DME, 25°C, 12h, 85%; e¢) BrCH,COCO,Et (3.0 equiv),
KHCO; (3.0 equiv), THF, 25°C, 24 h; then TFAA (1.5 equiv), pyridine
(3.0 equiv), 0°C, 3 h, 90%; f) TFA/CH,CI, (3:1), 25°C, 3 h; then EtOH/
H,O0 (1:1), 25°C, concentration in vacuo, 98%; g)(MeO)CMe,
(22.0 equiv), p-TsOH (0.1 equiv), CH,Cl,, 25°C, 24 h, 91%; h) CICO,Et
(1.1 equiv), Et;N (1.1 equiv), THF, 0°C, 30 min; then NH; (aqueous, 28 %),
0°C, 1.5h, 78%; i) Lawesson’s reagent (0.6 equiv), benzene, 80°C, 1 h,
85%; j) BrCH,COCO,Et (3.0 equiv), NaHCO; (8.0 equiv), DME, 25°C,
24 h; then TFAA (4.0 equiv), pyridine (9.0 equiv), 0°C, 1h, 90%;
k) DIBAL (2.0 equiv), toluene, —78°C, 2 h, 87 %; 1) 9- TFA (1.0 equiv), 5
(1.0 equiv), KHCO; (3.0 equiv), EtOH/H,0 (1:1), 25°C, 12 h, 90%. Boc =
tert-butoxycarbonyl; DCC = 1,3-dicyclohexylcarbodiimide ; HOSu = N-hy-
droxysuccinimide; DME = dimethoxyethane; TFAA = trifluoroacetic an-
hydride; TFA = trifluoroacetic acid; p-TsOH = p-toluenesulfonic acid.

generation of the 2-azadiene system 3, which underwent
spontaneous [4+2] cycloaddition to afford the coveted
dehydropiperidine system 4, apparently as a mixture with its
tautomeric form, enamine 14 (Scheme 5, path A).[°7 Upon
quenching with water at —15°C, the desired dehydropiper-
idine fragment 2 (22%), aldehyde 5 (20%), and [3.2.1]-
bridged bicycle 15 (63 %, see Table 1 for data) were obtained.
Whereas the origin of 2 and § can be attributed to a simple
imine hydrolysis of imino compound 4, the formation of 15
must be the result of a stereospecific aza-Mannich cyclization
within 14, as designated by the arrows in Scheme 5. The
relative stereochemistry of 15 was established on the basis of
NOE studies (Scheme 5), and later confirmed by X-ray
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Scheme 5. Hetero-Diels — Alder dimerization cascade. Reagents and conditions: path A. a) Ag,CO; (1.1 equiv), DBU (0.2 equiv), pyridine, —15°C, 1 h;
b) H,0, 10 min; products: 15 (63 %, ca. 1:1 ratio of diastereomers), 2 (22 %, ca. 1:1 ratio of diastereomers), 5 (20 % ); path B. a) Ag,CO; (1.1 equiv), DBU
(0.2 equiv), PhCH,NH, (1.0 equiv), pyridine, — 15°C, 1 h; b) H,O, 10 min; c) silica gel, 25°C, CH,CL,/AcOEt (1:1); products: 15 (trace); 2 (60 %, ca. 1:1 ratio

of diastereomers); 5 (68 % ). DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene.

crystallographic analysis (of 16, see below). Although the
Diels— Alder reaction proceeded both in a regioselective and
endo-selective manner, it showed no facial selectivity and,
therefore, compounds 4, 14, 15, and 2 are mixtures of
diastereomers (ca. 1:1) with regards to the relative stereo-
chemistry of the core substituents and those already existing
on the remote chiral Boc acetonide moiety.

To further establish the stereochemistry of the [3.2.1]-
bridged system 15, and, therefore, that of its precursors, the
rather labile imine 15 was subjected to reduction with
NaCNBH; in the presence of AcOH/EtOH, which led to its
more stable amino counterpart 16 (Table 1) in 85% yield
(Scheme 6). Compound 16 was chromatographically purified
to a single diastereomer and crystallized from hexanes/ethyl
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acetate. X-ray crystallographic analysis (Figure 1) confirmed
its absolute stereochemistry, which was also clear from NOE
experiments (see arrows in 16, Scheme 6).

To improve the yield of the targeted tertiary amine 2, we
chose transimination as a possible means to excise the
undesired fragment 5 from the dimerization product 4, and
thus suppress the aza-Mannich reaction that leads to 1S5.
Indeed, the addition of stoichiometric amounts of benzyl-
amine to the reaction mixture led to 2 (60%), 5 (68 %, after
hydrolysis of the resulting imine 5a), and only traces of 15 (see
Scheme 5, path B).

In further experiments (Scheme 7), the imine functionality
of 2 (ca. 1:1 mixture of diastereomers) was reduced with
NaCNBH;-AcOH in EtOH to afford the corresponding
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Table 1. Selected data for compounds 15 and 16.

15. R;=0.32 (silica gel, CH,CL/EtOAc, 1:1); [a]®=-29.8 (c=2.2,
CHCLy); IR (film): 7,,,,=3354, 3005, 2991, 1702, 1478, 1367, 1208, 1131,
1096, 756 cm~'; 'TH NMR (600 MHz, CD;CN, 70°C): 6 =8.13 (s, 1 H), 8.02
(s, 1H), 7.55 (s, 1H), 7.42 (s, 1H), 6.02 (s, 1H), 5.04 (m, 1H), 4.58 (d, /=
7.4 Hz,1H),4.46 (d,J=7.0 Hz, 1H), 4.40-4.25 (m, 5H), 3.96 (m, 1 H), 3.80
(m, 1H), 2.80 (d, J=11.4 Hz, 1H), 2.58 (dd, J=11.4, 3.5 Hz, 1H), 1.59 (s,
3H),1.59 (s,3H), 1.55 (s,3H), 1.55 (s, 3H), 1.51 (s, 3H), 1.40—1.05 ppm (m,
30H); “C NMR (125 MHz, CD;CN, 70°C): § =178.2, 171.1, 169.0, 165.2,
161.7,161.1,154.1,153.6,151.9, 148.2,148.1, 148.0, 131.6, 131.1, 128.2, 118.9,
116.8, 116.0, 95.1, 95.0, 80.5, 80.3, 78.5, 77.5, 73.0, 72.1, 67.2, 66.0, 65.9, 61.4,
61.2,45.2,41.3,28.1,27.9,28.0-27.0 (b), 25.7 (b), 18.2,17.5, 14.0, 14.0 ppm;
HRMS (MALDI): caled for CyHgNsO,S, [M+Na*]: 1035.3214; found:
1035.3293

16. R;=0.24 (silica gel, CH,CL/EtOAc, 1:1); [a]¥=-39.7 (c=1.6,
CHCL); IR (film): 7, = 3400, 2979, 1702, 1366, 1210, 1090, 754 cm™";
'"H NMR (600 MHz, CD;CN, 70°C): 6 =7.94 (s, 1H), 7.89 (s, 1H), 7.13 (s,
1H),7.04 (s,1H),4.95 (d,/=4.4 Hz, 1H), 4.89 (s, 1H), 4.82 (br s, 1 H), 4.72
(d,J=8.0 Hz, 1H),4.65 (d,J/ =6.5 Hz, 1H), 4.64 (s, 1H), 4.36 (q,J/ = 7.0 Hz,
2H), 4.32 (q, J=7.0 Hz, 2H), 4.04 (m, 1H), 3.95 (m, 1H), 3.83 (bs, 1H),
347 (t,J=4.0Hz, 1H),2.71 (d, J=11.4 Hz, 1H), 2.64 (dd,J=11.4, 4.4 Hz,
1H), 1.63 (s, 6H), 1.56 (s, 3H), 1.55 (s, 3H), 1.40-1.25 ppm (m, 30H);

BCNMR (150 MHz, CD;CN, 70°C): 6 =173.5, 171.5, 162.2, 161.9, 154.8, 17

154.5,148.4,147.3,128.2, 127.9, 117.2, 95.6, 95.6, 78.1, 77.6, 69.8, 66.8, 66.7,

65.5, 62.8, 62.7, 61.5, 61.5, 46.7, 45.9, 28.5, 28.4, 28.0-27.0 (br), 26.5, 26.3, NOE interactions

208, 20.2, 19.7, 183, 144, 144 ppm; HRMS (MALDI): caled for Scheme 7. Stereospecific reduction, coupling of 2, and stereochemical
CisHeNgO1oS, [M+Na']: 1037.3364; found: 1037.3371 assignment of 17 by NOE studies. Reagents and conditions: a) NaCNBH,

(2.0 equiv), AcOH/EtOH (1:1), 25°C, 2 h; b) HOAt (1.1 equiv), EDC
(1.1 equiv), H-Ala-NBoc (1.1 equiv), DMF, 0 —25°C, 19 h, 82% over two
steps. HOAt = 1-hydroxy-7-azabenzotriazole; EDC = 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride; DMF = N,N-dimethylform-
amide.

diamine, whose selective coupling with H-Ala-NBoc in
the presence of EDC-HOAL led to peptide 17 (82 %
COEt  yield, ca. 1:1 mixture of diastereomers).*"! The stereo-
chemistry of 17 and therefore of 2 became clear from
NOE studies, as indicated in Scheme 7 (arrows in 17).
In conclusion, we devised and experimentally dem-
onstrated a biomimetic approach to the unusual
dehydropiperidine domain of thiostrepton (1) based
on a novel intermolecular hetero-Diels— Alder reac-
. ) o o tion followed by imine hydrolysis. Refinements of this

Scheme 6. Stereospecific reduction of the imine functionality in 15 and structural

assignment of 16 by NMR spectroscopy (see indicated NOE interactions). Reagents Casca.de reaction with reg.a.rds to efficiency and St.e.reo_
and conditions: NaCNBH, (2.0 equiv), AcOH/EtOH (1:1), 25°C, 2 h, 85%. chemical control are anticipated and should facilitate
the total synthesis of this challenging target. Further-

more, other modifications of this hetero-Diels — Alder
reaction, including heterodimerizations and intramolecular
versions, are currently considered as alternative approaches to
thiostrepton. The described synthetic technology also appears
to be amenable to the construction of a wide range of novel
and biologically relevant heterocycles, including complex
structures such as the [3.2.1]-bridged systems 15 and 16 for
biological screening purposes.
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~ A Method for Palladium-Catalyzed Cross-
Couplings of Simple Alkyl Chlorides: Suzuki
Reactions Catalyzed by [Pd,(dba);]/PCy;**

Jan H. Kirchhoff, Chaoyang Dai, and Gregory C. Fu*

Palladium-catalyzed cross-couplings of organic electro-
philes with main-group organometallic compounds serve as
straightforward, powerful methods for carbon-carbon bond
formation, and such processes are routinely used in fields
ranging from materials science to natural product synthesis.[!]
The overwhelming majority of studies of metal-catalyzed
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cross-couplings have employed a halide or sulfonate as the
electrophile and a organometallic reagent as the nucleophile
in which the carbon atoms to be coupled are all sp>-hybridized
(e.g., for the synthesis of biaryls). In contrast, reports of
successful couplings of simple halides/sulfonates bound to sp*-
hybridized carbon atoms are very rare.’ Two of the likely
reasons that have hampered the utilization of these important
families of electrophiles are: 1) slow oxidative addition of the
alkyl halide/sulfonate to palladium, and 2) if oxidative
addition has indeed taken place, S-hydride elimination of
the resulting alkyl-palladium complex, in preference to
cross-coupling (Scheme 1).

oxidative H transmetalation H
PdL, addition R—Q_ R —M R—Q_
- PdL, PdL,
H | |
Ri X R
X
B-hydride reductive
X = halide elimination elimination
sulfonate
H
H
R | Ri
W| —PdL, R
)l( desired
undesired

Scheme 1. Palladium-catalyzed cross-coupling of an alkyl halide/sulfonate.

It is critical to point out that three studies in particular have,
however, described noteworthy progress in overcoming this
considerable limitation in the scope of metal-catalyzed cross-
coupling reactions. In a pioneering investigation in 1992,
Suzuki et al. discovered that [Pd(PPh;),] can catalyze cou-
plings of alkyl iodides with alkyl boranes at 60°C in yields as
high as 71 %. 4 Furthermore, we established last year that
Pd(OAc),/PCyj; effects Suzuki reactions of alkyl bromides at
room temperature.F! Finally, in a series of reports beginning in
1995, Knochel et al. have demonstrated that a nickel-based
catalyst can promote cross-couplings of alkyl bromides and
iodides with organozinc reagents.l) Although each of these
studies represents an important development, even collec-
tively they provide a solution to only a small subset of the
coupling processes of interest.

Thus, there is still a very substantial need for the develop-
ment of catalysts to cross-couple alkyl halides. Since there has
been essentially no success to date in any palladium- or nickel-
catalyzed coupling of simple alkyl chlorides, in contrast to
iodides or bromides, they represent a particularly significant
challenge.” 7! In view of our recent progress in developing
mild conditions for Suzuki reactions of alkyl bromides,™! we
decided to determine if we might also be able to contribute to
solving the problem of coupling alkyl chlorides. In this
communication, we describe the advances that we have made
toward this objective [Eq. (1); 9-BBN = 9-borabicyclo[3.3.1]-
nonane].

5% [Pda(dba)s]
20% PCys

Raky—Cl  R—(9-BBN) Raky—R (1)
" 1.1CsOH-H,0
1.2 equiv dioxane, 90 °C
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