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Macrolactonization via Hydrocarbon Oxidation
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Macrolides are important structural units due to their prevalence Table 1.
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in numerous small_ molecules havmg S|gn|f|ca_nt and _d|ve_rse oS - S 2(1020mol%) O
biological and medicinal properties. Hydroxyacid lactonization C<H32H Pd(OAC)E’ o
methods are powerful reactions for assembling macrolides, as C)\/ BQ fs‘i,‘g"‘g’_a;’éf;l:;c'@ P
evidenced by their prevalent use during late stages of total ' -

. . . R . entry macrolactone product ring isolated
synthese$.Elegant Pd-mediated oxidative cyclizations of linear size  yield®

alkenoic acids to yield five- and six-membered unsaturated lactones

have been reportedHowever, macrolactonizations under these 1a o 3,61%°
conditions (Pd/base) have not been demonstraéderein, we 1 ) 19 scale ->62%°
report for the first time a macrolactonization reaction that proceeds 3 o 'y 16 g,ggzo
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via allylic C—H oxidation. Lineam-alkenoic acids react to furnish o
14- to 19-membered alkyl and aryl macrolides with a range of 5 o 16 7.52%
diverse functionalities. In addition to providing greater flexibility | o 98:2 (Z:E)°
in synthetic design, such organometallic-8 to C—O bond- N
forming methods may streamline synthesis by alleviating some of HO
the requiremen_ts for prote_ctir_19 group manipulations and oxidation 6 70 16 8,63%
state changes incurred with ionic processes. NH 99:1 (E:2)°
Our group recently reported sulfoxide-promoted, catalytic o) ~
Pd(OAcYBQ o-olefin allylic oxidation systems that furnish Q
branche_d aII_yIic alkyl and a_ryl esters from a wide va_riet_y of 7 O)ig 14 960%
carboxylic acid$2PThese reactions proceed via a novel serial ligand cr)’ 1.4:1 (d.r.)
catalysis mechanism in which sulfoxide and BQ interact sequentially o~
with Pd to promote the €H cleavage and €0 bond-forming o
steps, respectiveflp. The C-O bond-forming step may occur via 8 Xoﬁg 14 1054999
a BQ-promoted inner-sphere reductive elimination of acétatds c'; 141 (dr)f
suggested to us a novel organometallic macrolactonization strategy MeO o #
proceeding via templated intermedidtéq 1). It was hypothesized d O])Lo
P/ 9 MeOT~0" ¢ 14 11,60%"
sulfoxide (@) 1 (dr.)®
m o /F": B8Q AN o 1.4:1 (d.r)
—_— / —_— o)
COH 0 a Average yields of pure branched isomer for two runs at 0.2 mmol, 72
o1 o h. Up to 18% starting material observed (Supporting Information). Some

. o . . head-to-tail dimerization byproducts have been observeligher diultions
that Pd templation and activation of the two reacting termini would resylt in lower macrolide yields.1 g (3.3 mmol).¢ 20 mol %2; 10 mol

serve to relieve some constraints of macrocyclization like the use % 2 gave 17-22% lower yields (Supporting InformatiorfRatio by GC.
of multiple biasing elements and high-dilution techniqliekerein "Ratio by*H NMR. 9C = 20 mM. " 15 mol %2.

we report a G-H oxidation macrolactonization method run at 10 A preliminary study of the scope of the reaction demonstrated

mM without the use O_f high—giluti_on techniques tq prepar_e_14- to that, in addition to aryl acids, vinylic and alkyl acids are competent
19-membered macrolides with high levels of regioselectivity and nucleophiles (Table 1, entries—9)& Both @) and €)-a.f-

functional group tolerance. Furthermore, we provide evidence in unsaturated acids undergo cyclization using this allylieHC
support of a mechanism that proceeds via Pd-templated intermediateoxidation method to furnish 16-membered macrolideand8 in

1(eq1). good yields withno olefin isomerizatio(Table 1, entries 5 and

Our_ study began by examining the czclizationaa(alkeny!)- 6). The latter point is significant given thaf)¢a.,5-unsaturated acids
benzoic acids. We found that 10 mol % Pd(Odphenyl bis- are prone to base-induced olefin isomerization using classical

sulfoxide 2/BQ (2 e.quiv) promoted macrolactonizations ,Of linear acylation-based macrolactonization methddzhiral, alkyl acids
precursors to furgns_h 14- to 17-membered macrocyclic benzo- qectively cyclize and do not appear to significantly influence
Iactones_m 526_2A) |sol_a_t¢_ad V'e'fjs (bele 1, entries-4) with diastereoselectivity (Table 1, entries-9). The mildness of this
.outstandlng regioselectivities- @0:1 by *H NMR). .I\/Iacrolacton.- . method is illustrated by macrolactonization of alkenyl acids with
ization proc_eeded at 10 mM substrate_concentratlons under a"_W'thdenser oxygenated acetonide and acetal moieties (Table 1, entries
no pr_et_:aunons taken t_o exclude r_nmsture. The same operauonals and 9, respectively). Significantly, the macrolactonization yield
simplicity may be applied to reactions conducted oh g scale of acetonidelO was improved from 45% to 54% higicreasingthe
(Table 1, entry 1b). substrate molarity from 10 to 20 mM (Table 1, entry 8).
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levels of biologically and medicinally relevant functionality. Ortho- by 13C NMR spectroscopy showed a Pd-bound carboxylate sug-
substituted salicylate esters are a common structural motif found gestive of intermediat&7 (:3C=0: 16, 6 170.7;17, 6 178.6%4 3,

in a growing number of benzolactone natural products with desirable 6 166.6). Evidence for the monomeric natureldfwas obtained
biological properties (e.g., the antitumor compound radici¥ol).  via ESI-HRMS (GgH»304Pd [M + H] ", predicted 409.0639, found
Acylation-based macrolactonizations of ortho-substituted salicylic 409.0598). Addition of BQ td.7 results in formation of macrolide
acid substrates are challenging due to increased electron density8 in 52% yield (62% catalytic reaction, Table 1, entry 1). Signif-

and steric hindrance at the acyl carbon cehtéfnder the allylic
oxidation conditions, we found that both MOM- and benzyl-
protected, ortho-substituted salicylic acids readily cyclize to afford
the corresponding 14-membered ring macroliti2and13in 57%
yields (eq 2).

Z OR O #
oR O 2 (10 mol%)
OH BQ (2 equiv.) o
2
o CH,ClI, (10 m| (o]
45°C,72h o
Macrocyclic salicylic 12, R= MOM, 57%

acid lactones 13, R=Bn, 57%

The indole nucleus is of particular value to the medicinal chemist.
For example, a large number of indolocarbazoles of biological
interest are known like the PKC inhibitor rebeccamy&iand the
related macrocyclic compound LY 333531 developed by LR
Using the allylic CG-H oxidative macrolactonization, a novel 17-
membered bis(indolyl)ymaleimide macrolidé was readily formed
in 58% isolated yield (eq 3). Macrolactonization of this nitrogen-
rich substrate serves to further highlight the broad functional group
compatibility of this C-H oxidation method.

I
O=Nz0
2(20m0|/o) —
O Y 7 O RO (o AT N\ /N
OH 45°C, 72 h W o b
n=4b\|r =2 n=4b\rr \ﬂ'ﬁz

0 N
Macrocyclic bisindolylmaleimides 14, 58% (17-membered)

Macrocyclic depsipeptides have been shown to exhibit potent

cytotoxic, antimicrobial, and anti-inflammatory propertiés linear
tripeptide containing anc-olefin tether was successfully cyclized
under these conditions to provide 19-membered depsipefpfide
in 61% yield and 3:1 dr (eq 4). This preliminary result suggests
that remote chirality can direct the diastereoselectivity of macro-

lactone formation.
o]
CAO | _BQ (2equiv) _ C’é @)
N

CHLCl, (10 mM),
beNH HN 45°C,72h }NH HN
o}
I Ph

15, 61%, 3:1 d.r. (19 membered)

OH
2 (20 mol%)

Macrocyclic depsipeptides

Mechanistic studies were performed to investigate whether
macrolactonization proceeds via—© bond formation from a
templatedsz-allylPd carboxylate intermediate (eq 5). When stoi-
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C% (1 equiv.) €% ) equv)
OH . equiv
©:,(o DG, o 35°C, 21h " 3(”‘3) (6)
(10 mM)
o 45°C, oh o
16 17

chiometric mixtures of'3C-labeled alkenoic acidl6é and bis-
sulfoxide/Pd(OAc) complex2 were heated and monitored B
NMR spectroscopy, peaks consistent with-allylPd complex17
were observed. Simultaneous monitoring of theHCcleavage step

icantly, in the absence of BQ, reductive elimination is not observed.
These studies confirm that macrolactonization proceeds via a serial
ligand catalysis mechanism and provide evidence in support of BQ-
promoted inner-sphere €0 bond formation from a templated
s-allylPd carboxylate intermedia®&8 According to this mechanism,
high dilutions are unnecessary because the catalyst dictates that
the maximum concentrations of reactiweallyl and carboxylate
moieties are 510-fold lower than the substrate concentrafion.

In summary, this report describes the first examples of Pd-
catalyzed macrolactonizations @falkenoic acids via €H oxida-
tion. These reactions proceed without the use of high-dilution or
Schlenk line techniques and display remarkable levels of selectivity
and scope. Mechanistic studies support that macrolactonization
proceeds via a Pd-templatadallyl carboxylate intermediate such
as 17. Future studies will explore chemoselectivity issues with
respect to internal olefifigand the effects of substrate and reagent
chirality on diastereoselectivity in the context of complex molecule
synthesis.
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