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Abstract

Palladium-catalyzed C(sp3)-H functionalization presents an efficient strategy to construct a
variety of carbon—carbon bonds. However, application of this approach towards the preparation
of five-membered benzo-fused carbocycles via the most simplifying C—H activation logic has
not been realized. In this Article, we report a palladium-catalyzed annulation reaction between
gem-dimethyl containing amides and 1-bromo-2-iodoarenes that effectively constructs two Cyjxyi—
Caryl bonds and provides access to a variety of five-membered benzo-fused compounds. In

this transformation, the dihaloarene is stitched to the gem-dimethyl moiety via two sequential
B-C(sp3)-H arylations utilizing the differential reactivity of the 1,2-difunctionalized electrophile.
This annulation reaction is enabled by a dual ligand system comprising of an N-acyl glycine

and a pyridine-3-sulfonic acid that synergistically promotes the palladium stitching and provides
the bicyclic products. This method displays a broad substrate scope and shows excellent amide
compatibility. We also demonstrate the synthetic potential of this annulation by synthesizing
echinolactone D.
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INTRODUCTION.

Organic synthesis relies heavily on transformations that can efficiently construct all-

carbon ring structures. A particularly important subset of these scaffolds are benzo-fused
carbocycles, which can be routinely found in many biologically active natural products as
well as in pharmaceuticals.! In the context of C—H functionalization, preparation of these
scaffolds has extensively relied on intramolecular cyclization strategies (Scheme 1A). For
instance, the Baudoin group developed a Pd(0/I11)-catalyzed annulative C(sp3)-H arylation of
both aryl bromides or aryl chlorides utilizing phosphine-based ligands.2 The use of chiral
ligand scaffolds have later rendered this reaction protocol asymmetric.3 In 2010, Chen and
co-workers disclosed an intramolecular coupling between aryl iodides and methylene C-H
bonds that used the strongly directing 8-aminoquinoline auxiliary. The recent development
of L,X-transient directing groups has also allowed for this type of reactivity to be extended
to intramolecular cyclizations of aldehydes and methyl ketones.® Furthermore, in 2021

our group reported a Pd(11/IV)-catalyzed cross-dehydrogenative-coupling (CDC) between
B(Csp®)-H bonds of carboxylic acids and pendant aryl C—H bonds by means of six- or
seven-membered palladacycles.®

Despite the significant advances in C(sp3)-H functionalization reactions,’ the preparation
of the five-membered benzo-fused carbocycles via the most straightforward double C-H
activation logic has not been realized (Scheme 1B). Specifically, simultaneous dual excision
of the carbocycle’s Cajky1—Caryi bonds would reveal two fragments: an alkyl three-carbon
synthon and a 1,2-difunctionalized arene, in which their simplest synthetic equivalents,
namely a gem-dimethyl fragment and a dihaloarene, could be readily obtained with minimal
pre-functionalization effort (Scheme 1B). In the forward sense, these fragments could be
stitched together via two independent but sequential 8-C(sp®)-H arylation reactions at the
gem-dimethyl groups of 3 to provide the bicycle 4. Although a previous study from our
group showed that the use of such three-carbon alkyl synthon was possible in case of
coupling to maleimides, direct translation of this reactivity towards benzo-fused carbocycle
synthesis presents a considerable challenge (Scheme 1B).8 Specifically, the maleimide
relay transformation was optimized to exploit the polarity-guided nature of the migratory
insertion step, whereby the three-carbon alkyl synthon could be envisioned as a 1,3-dipole
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1. However, our proposed strategy to access carbocycles requires the three-carbon gem-
dimethyl synthon to exhibit the reactivity of a 1,3-dianion equivalent 3 in order to match
the polarity requirements for coupling with dihaloarenes. This type of reactivity modulation
of the synthon’s polarity, which would arguably be very challenging with classical organic
chemistry, could be realized through the application of a different palladium redox cycle

in C-H functionalization chemistry. To turn the 1,3-dipole into a 1,3-dianion synthon, the
original Pd(11/0) cycle employed for the maleimide relay is replaced with a dual Pd(11/1V)
reaction manifold that can effectively achieve the necessary polarity matching with the
dihaloarene electrophile and enable the desired carbocycle synthesis. Evidence for a related
reaction protocol was recently reported by Gandon and Sahoo in a tandem C-C and C-O
bond forming C—H annulation reaction utilizing a bidentate directing group.®

As part of our program aimed at developing new reactions that rapidly increase

molecular complexity, we herein report a palladium-catalyzed annulation reaction between
genmdimethyl containing amides (5) and 1-bromo-2-iodoarenes (6, Scheme 1C). Our
transformation features a broad substrate scope, shows excellent amide compatibility, and
can also be extended to the preparation of a tricyclic benzo-fused scaffolds (7). The key

to success was the discovery of a dual ligand system, comprising of an A-acyl glycine

and a pyridine-3-sulfonic acid, that efficiently promotes the sequential palladium catalyzed
stitching to arrive at fully annulated benzo-fused products.

RESULTS AND DISCUSSION.

At the onset of our work, we envisioned that the transformation between the 1-bromo-2-
iodobenzene (8) and N, N-dimethylpivalamide (9) may proceed through the following steps
(Scheme 2A). First, a Pd(11/IV)-catalyzed S-C(sp3)-H arylation of the amide 9 with the
more reactive aryl iodide component of the electrophile would form the first Cyjiy1—Cary1 and
provide the linear intermediate 10.10 Next, a second 8-C(sp®)-H activation directed by the
weakly coordinating carbonyl group would generate the alkylpalladium species 11, that can
subsequently undergo an intramolecular oxidative addition with the pendant aryl-bromide
to furnish the second high-valent palladium(IV) intermediate 12. Finally, a reductive
elimination would form the second Cjjiy1—Cary) bond and stitch the two coupling partner
together providing the fully annulated bicycle 13. However, we recognized that several
potential pitfalls may interfere with the development of our annulative transformation. First,
we identified that the alkylpalladium species 11 may undergo a competitive diarylation
reaction with a second equivalent of the dihaloarene due to the increased reactivity of the
aryl-iodide component. Next, the second carbon—carbon bond forming step is expected to
proceed via oxidation of 11 with the pendant aryl bromide to access the high-valent Pd(IV)
intermediate 12. While there is precedence for invoking this type of reactivity with aryl
bromides, this high energy intermediate may be difficult to access.!!

We started our investigation by first evaluating ligand effects (Scheme 2B). In the absence
of any ligand, product formation was very low (13%) and we also observed a significant
quantity (32%) of the linear intermediate 10 suggesting that a ligand is needed to promote
the second Cyjkyi—Caryi bond formation (Entry 1). Guided by the findings from our previous
study, we first examined the pyridinesulfonic acid ligands L 1 and L 2.8 We were pleased
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to find that both of these ligands generated the desired product in modest 28% and 23%
yields, respectively (Scheme 2C). However, in both instances we identified large amounts
of the unreacted starting amide 9 and only negligible quantities of the linear intermediate
needed to arrive at the fully annulated bicycle. Next, we examined several additional
ligand scaffolds such as the pyridine-based L 3, the monodentate pyridone L4, or the
bidentate N-acyl aminoethyl phenyl thioether L5. These ligands did not improve the yield
of the product formation (12-22%). We were pleased to find that the use of commercially
available A-acyl glycine (L 6) resulted in a substantial increase in product formation to
44% and also furnished 24% of the intermediate 10. We reasoned that we may be able

to further drive product formation by converting the outstanding linear intermediate with
an addition of a second ligand to the reaction mixture.12 Specifically, ligand L 1 appeared
as a worthy candidate because it displays efficient conversion of the intermediate to the
product, as evidenced by only 4% of 10 remaining in the reaction mixture. To our delight,
the combination of L 1 and L 6 ligands displayed synergistic effects in our reaction and
provided the fully coupled bicyclic product 13 in 64% yield. Further attempts with L 1
and N-acyl L-tert-leucine (L7) possessing a favorable Thorpe—Ingold effect did not further
increase the reaction yield.1® Additional optimization of the reaction conditions such as
increasing the reaction temperature (80 °C to 100 °C, Entry 5) or switching the reaction
solvent from hexafluoroisopropanol (HFIP) to trifluoroethyl alcohol (TFE, Entry 6) were
also unproductive.

Next, we sought to investigate the role of silver salts on our annulation reaction. In the
absence of silver acetate, we did not detect any of the desired bicyclic product (Scheme
2B, Entry 4). However, we were specifically interested in probing the effects of silver on
the second carbon—carbon bond forming step which could provide an insight into whether
this step proceeds through a Pd(11/1V) or a Pd(0/I1) reaction manifold. It is well known that
due to the presence of a highly acidic a-hydrogen, HFIP is capable of generating Pd(0) by
means of a Pd(11)-hydride and a base.1* Accordingly, we subjected the linear intermediate
10 to our optimized reaction conditions using two equivalents of potassium acetate or
potassium carbonate instead of the silver acetate and observed significantly decreased
product formations of 11% and 7%, respectively (Scheme 2D). However, treating 10 with
our optimized reaction conditions restored reactivity and delivered the fully annulated
bicycle 13 in a yield that was comparable to the intermolecular coupling (64% vs 66%).
Taken together, the strong reactivity dependence on silver salts suggests that the second
Calkyl—Caryi stitching step proceeds via a Pd(11/1V) cycle and that any potential Pd(0) species
are likely rapidly reoxidized with the presence of two equivalents of silver acetate in our
reaction mixture.1®

With the optimal reaction conditions in hand, we first investigated the substrate scope with
respect to the amide residue (Scheme 3). Using a simple amide bond coupling protocol, we
were able to prepare a range of amide precursors for our transformation. We found that a
variety of symmetrical and unsymmetrical tertiary amides (15a-15c) were well tolerated and
all provided the bicyclic products in yields ranging from 56 to 68%. Next, we evaluated
several substrates possessing a cyclic dialkyl amine such as the azetidine (15d), pyrrolidine
(15e), piperidine (15f), azepane (15g), or morpholine (15h). These substrates all delivered
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the desired products in moderate yields (48-60%). Secondary amides 15i and 15j with the
weakly acidic N-H bond generated the bicyclic products in modest 29% and 33% vyield,
respectively. Lastly, the Weinreb amide 15k displayed a significantly reduced reactivity and
provided the product in a 19% yield. We attribute this result to the potential unproductive
bidentate coordination of the catalyst to the carbonyl and the -OMe groups that can impede
the desired dual S-(sp®)—H activation.

Next, we examined the substrate scope with respect to the gem-dimethyl containing

amides, and found that a wide variety of substituents at the B-position were compatible

with our transformation (Scheme 4A). For example, the alkyl bearing substrates (18a—

18c) provided the stitched bicyclic products in 47-61% isolated yields. The cyclic ring
containing cyclobutane (18d) and tetrahydropyran (18e) amides furnished the products in
44% and 40% yield, respectively. In the case of 18e, we found that Pd(OAcC), proved to

be the superior palladium source. Next, substrates having chelating methoxy substituents
provided the desired products 18g and 18h in 34% and 52% yield. The phthalimide-18f

and the methyl ester-18i showed reduced reactivity under our optimized reaction conditions.
However, increasing the palladium and ligand loadings by twofold resulted in the formation
of 18f and 18i in 47% and 42% yield, respectively. Our protocol was also successfully
applied to derivatization of Gemfibrozil,18 the oral therapeutic used to treat high cholesterol.
Subjecting a dimethylamide analog to our developed reaction conditions with Pd(OAc),
resulted in formation of the benzo-fused derivative 18j in 33% yield.

Our reaction protocol was also compatible with the incorporation of a variety of functional
groups on the 1-bromo-2-iodoarene coupling partner (Scheme 4B). The electron-rich arenes
18k and 18l provided the desired products in 50% and 44% yield, respectively. Halogenated
substrates such as the fluorine (18m), trifluoromethyl (18n), and chlorine (180) showed
good reactivity and generated the desired bicyclic products in 46-50% yields. Moreover, the
aryl chloride and aryl fluoride products possess useful synthetic handles that could be used
for future product elaboration. We also found that the electron-withdrawing methyl ester
(18p), methyl ketone (18q), and aldehyde (18r) substituents were tolerated and furnished the
annulated products in 45%, 46%, and 38% yield. Our reaction could also be able applied
towards the preparation of the tricyclic benzo-fused compound 18s, which was isolated in
42% vyield. Lastly, we observed that coupling partners with substitution ortho to the bromide
or the iodide positions displayed poor reactivity (see the Supporting Information).

We were also interested in determining if additional vicinal arene electrophiles could be
productively annulated to generate our bicyclic products (Scheme 5A). When we subjected
the 1,2-dibromobenzene (20) to our reaction conditions, we observed product formation

in only 7% yield. In case of the 2-iodopheny! trifluoromethanesulfonate 21, we failed

to detect any of the desired product formation in our rection mixture. However, the
1,2-diiodobenzene (22) showed encouraging reactivity and generated 13 in 28% yield.
Compared to our standard 1-bromo-2-iodobenzene electrophile, these results indicate that
the 1-bromo-2-iodoarenes are ideal coupling partners for our palladium-catalyzed stitching
annulation and that the differential reactivity of the of the aryl bromide and the aryl iodide
components is needed to achieve high levels of conversion.
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Next we sought to functionalize the C2 methyl substituent of our product 15f using the
previously reported 5-C(sp®)-H arylation9 and olefination” reactions for native amides.
To this end, treatment of 15f with methyl 4-iodobenzoate and 5-(trifluoromethyl)-pyridine-3-
sulfonic acid (L 2) resulted in an efficient arylation reaction of the C2 methyl group to
generate 23 in 68% isolated yield (Scheme 5B). However, using the same ligand (L 2)

and ethyl acrylate as the olefin coupling partner provided the unexpected C5 nondirected
olefination product 24 in 47% yield. In this transformation, we did not observe any
olefination reactivity at the C2 position. The divergent reactivity of L 2 with substrate 15f
clearly highlights the subtle differences in electronic and steric demands for the two Pd(l1/0)
and Pd(11/1V) reaction manifolds. Moreover, this result underscores the ability of C-H
functionalization reactions to effectively generate diverse analogues of privileged scaffolds.

To demonstrate the synthetic utility of our annulation protocol, we applied this method to
the first synthesis of the bioactive illudane sesquiterpene echinolactone D (29, Scheme

6). Isolated from the Japanese indigenous fungus Echinodontium japonicum in 2006,
echinolactone D (29) showed promising ability to stimulate radicle elongation growth in
a lettuce seedling bioassay at 100 ppm.1P Our short synthesis of 29 started with the
developed palladium-catalyzed annulation reaction between the commercially available
methyl 3-bromo-4-iodobenzoate (16p) and the pivalamide 14f, which was followed by

a hydrolysis (lithium hydroxide) of the methyl ester to provide the free acid bicycle

25in 51% yield. Next, a palladium-catalyzed ortho C—H alkylation with ethylene oxide
established the tricyclic framework of the natural product and formed the lactone 26
(56%).18 Subsequent electrophilic bromination with tribromoisocyanuric acid (TBCA) in
trifluoracetic acid proceeded exclusively at the C3 position and formed the crystalline
aryl bromide 27 in 92% yield.19 Installation of the remaining carbon—carbon bond was
accomplished via a Suzuki—-Miyaura cross-coupling reaction between the aryl bromide and
potassium methyltrifluoroborate to provide the methylated compound 28 (80%).20 Lastly,
a hydrolysis (sulfuric acid) of the amide moiety was followed by exhaustive reduction of
the resulting carboxylic acid with borane dimethylsulfide that completed our synthesis and
delivered (z)-echinolactone D (29) in 66% yield. Our short synthesis of 29, featuring the
newly developed palladium-catalyzed annulation reaction as the key step, highlights the
capability of this method to provide synthetically useful intermediates and suggests that it
may find use in syntheses of other benzo-fused natural products.

CONCLUSION.

In summary, we have developed a palladium-catalyzed C—H annulation reaction that
effectively unites germdimethyl fragments and 1-bromo-2-iodoarenes to synthesize a variety
of five-membered benzo-fused carbocycles. This transformation proceeds via two tandem
B-C(sp®)-H arylation reactions, where the dihaloarene electrophile is stitched to the
germdimethyl groups via two Cajky1-Caryi bond forming events. Moreover, this protocol was
enabled by the discovery of a dual ligand system comprising of an A-acyl glycine (L 1)

and a pyridine-3-sulfonic acid (L 6), that synergistically promote the sequential palladium
stitching to provide the fully annulated bicyclic products. Our method displayed a broad
substrate scope, showed excellent amide compatibility, and could also be used to prepare
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tricyclic scaffolds. We also demonstrated the synthetic utility of our transformation with a
short racemic synthesis of the bioactive isolate echinolactone D (29) that was accomplished
in a total of seven steps.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Synthesis of all-carbon ring structures via intramolecular C(sp®)-H strategies.

Baudoin (2007) Chen (2010) Yu (2021)
X ----- - S H
R» Y I
H COzH
R, CN
Pd(0/11)-catalyzed Pd(Il/\V)-catalyzed = Ttee-et
C(sp®)—H arylation. methylene arylation. Pd(ll/ |V) catalyzed CDC.

B. The use of three-carbon synthons in twofold C(sp®)-H activation.
)Yu (2020) Five-membered ring formation via maleimide relay.

DG (i /0) DG

R = olef/n rela y

1
DG” limited to
maleimides
R [Pd] O |[47-89%

i) New polarity design: Five-membered ring V|a twofold palladium-stitching.
DG -

j/\) Il/IV) DG N
S<: Pd -stitching R I /_R

.[Pd]
DG%_ {@
—

[Pd]
C. This work: Pd-catalyzed stitching of native amides and 1-bromo-2-iodoarenes.

-----

O H TS Pd(ll)
Br R4~, LiandLé N Ra.,
R1\N “H + ' — / . :
A J 2
N ¥ *v*" [AgLHFIP R g vt

Re R "w-e...c ' 80 °C

Scheme 1.
Pd-catalyzed benzannulation via stitching 1,3-C(sp®)-H bonds with dihaloarenes.
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A. Proposed reaction design: Sequential 8-C(sp®)—H arylation via Pd(Il/IV).

Br HO O Pd(ll) B meQ
@[ t y ’q/u\ NMe, _biagd ¥ “NMe,
! Me PA(1INV) B-C(spd)-H "
8 9 arylation with Ar—| 10
C—H activation
Oy -NMe, me{ Br o NV,
wMe pe 7 NMez| oy Add. o
- W - o
_Pd, with Ar—Br Pd ~L
Br | L K
13 L 12 11 U

B. Ligand investigation and reaction condition optimization.

Pd(CH3CN)4(BF4)» (10 mol%) & NMe,

@EB’ /H\\POL L (10 moi%)

+ H NMe, - “'Me
! Me AgOAC (2.0 equiv)

8 9

HFIP, 80 °C, 48h

13
Entry Deviations 10 (%) 13 (%)

1. no ligand 32 13
2 L1-L8 see chart C see chart C
3. L1and L6 3 64
4. No AgOAc (w/ L1 and L6) 10 n.d.
5 100 °C instead of 80 °C (w/ L1 and L6) n.d. 43
6 TFE instead HFIP (w/ L1 and L6) 15 14

D. Investigation into the role of silver on the second carbon-carbon bond forming step.

P B \e0 PA(CHsCN)4(BF ), (10 mol%) O\ NMe,
: L1 (10 moi%), L6 (10 mol%)
¥ “NMe, " Me
base (2.0 equiv.)
H HFIP, 80 °C, 48h
10 13
KOAC (11%); KxCOy3 (7%)
Scheme 2.

C. Ligand chart and structures.

o int-10
8% mm pot-13

60% -{

39

Yield

Page 11

48

28
23
20% - Y “
A =000l
0% =] ; ‘
1 L2 L3

L L4 L5 L6 RSV RS
N N N
v
ligand structures:
S0sH  FsCo SOt N FaC
l ~ l P e~ s l ~Z
N N N™ “OBu N7 ~OH
L1 L2 L3 L4
+Bu Fn
AcHN™ ' o
SPh AcHN"COH ACHN/LCOZH AcHNLf
NHTs
L5 L6 L7 L8
ii) » O,
Br Me © Pd(CH3CN)4(BF4)2 (10 mol%) NMe,
: L1 (10 mol%), L6 (10 mol%)
¥~ ~NMe, > “Me
AgOAC (2.0 equiv.)
H HFIP, 80 °C, 48h
10 13

66%

Ligand and reaction condition optimization for the stitching of 1,3-C(sp3)-H bonds and

1-bromo-2-iodoarenes.®P

4Conditions: 8 (0.15 mmol), 9 (0.10 mmol), Pd(CH3CN)4(BF,), (10 mol%), Ligand (L) (10
mol%), AgOAc (2.0 equiv), HFIP (0.5 mL), 80 °C, 48h. ?Yields were determined by *H
NMR analysis of an unpurified product mixture using CH,Br» as an internal standard.
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Br Pd (CH3CN)4(BF4)5 (10 mol%) NR,
(10 mol%), L6 (10 mol%) A
- “"Me
AgOAc (2.0 equiv.)
HFIP, 80 °C
14 15
o Me o /Et o /i-Pr
N. N_ N
Me Et NiPr
“"Me “"Me “"Me
13, 64% 15a, 68% 15b, 56%
Et
(@) / (0] @)
N. N N
Me
“'Me “*Me “*Me
150, 59% 15d 54% 159, 58%
NQ R N//\O
N
15g, 56% 15h, 48%"°
e
Me -Me
o ) o, P
N N_
/ ] Me
“Me “Me
15i, 29%”° 15j, 33%” 15k, 19%

Scheme 3.
Substrate scope of the amide residue.2P.

4Conditions: 8 (0.15 mmol), 14 (0.10 mmol), Pd(CH3CN)4(BF4), (10 mol%), L1
(10 mol%), L6 (10 mol%), AgOAc (2.0 equiv), HFIP (0.5 mL), 80 °C, 48h.
BPd(CH3CN)4(BF4)2 (20 mol%), L1 (20 mol%), L6 (20 mol%). ¢72h.
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o)
. o H. O PA(CHsCN)4(BF 1), (10 MoI%) NMe; N S0sH
o L1 (10 mol%), L6 (10 mol%) R L
L + H NMe, Ry 2 NT L1
Tt | R AgOAC (2.0 equiv.) ¢
2 HFIP, 80 °C %ot Ac-Gly-OH
16 17 18 L6

A. Amide coupling partner scope:

O,

NMe, NMe,

“*Me

13, 64% 18a, 59% 18e, 40%> O

NMe, NMe,
O
\\/\j‘b \\/Oﬁl\ﬂe
(6] Mg’

18i, 42%° 18j, 33%"
from Gemfibrozil

B. Dihaloarene coupling partner scope:

Q Q
NMe, NMe, NMe, NMe,
M M M — M
Me e o e F e = CF, e
/
Ac
18k, 50% 18I, 44% 18m, 50% 18n, 52%°
)
NMe, NMe, NMe,
a2 0, s 0 ..
‘M ‘M ‘M
al e e e
Me-0 H
180, 53% 18p, 45% 18q, 46% 18r, 38%" 18s, 42%°
Scheme 4.

Substrate Scope with Respect to the Dimethyl Amide and 1-Bromo-2-iodoarene Coupling
Partners.a0.c

4Conditions: 16 (0.15 mmol), 17 (0.10 mmol), Pd(CH3CN)4(BF4), (10 mol%), L1 (10
mol%), L6 (10 mol%), AgOAc (2.0 equiv), HFIP (0.5 mL), 80 °C, 48h. “Pd(OAc),, (20
mol%), L1 (20 mol%), L6 (20 mol%). ‘Pd(CH3CN)4(BF4), (20 mol%), L1 (20 mol%), L6
(20 mol%).
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A. Investigation into additional vicinal aryl electrophiles.?

0]
Pd (CH3CN)4(BF4)5 (10 mol%) NMe,
(10 mol%), L6 (10 mol%) i
- “Me
AgOAc (2.0 equiv.)
HFIP, 80 °C
9 13
@EBr Br oTf [j:l
Br | I |
20, 7% 8, 64% 21, nd¢ 22, 28%

B. C—H functionalization of the annulated product 15f.29

C2 functionalization 0
N i) C5 functionalization

|
\©\ ) A
o Z > CO,Et
CO,Me H \ 2

H Pd(OAc),, L2

Pd(OAc),, L2 15f AgOAc. HFIP
AgOAc, HFIP 00
80 °C
3
N
EtO,C /
23, 68% CO,Me 24 47%

i) C2 arylation i) C5 olefination

Scheme 5.

Dihaloarenes and Divergent Derivatization.2?.¢.d

4Conditions: 15f (0.10 mmol), methyl 4-iodobenzoate or ethyl acrylate (0.20 mmol),
Pd(OACc), (10 mol%), L2 (12 mol%), AgOAc (2.0 equiv), HFIP (0.5 mL), 70 or 80 °C,
24h. YYields were determined by 1H NMR analysis. “None detected. 9solated Yields.
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|
+

O
16p

(+)-Echinolactone D (29)

Pd-stitching via dual
B-C(sp®)-H activation

1. Pd(CH3CN)4(BF,),, L1, L6
AgOAc HFIP 80 °C

51%

2,
Me \ﬂ; : : MeQ
THF- HZO MeOH 50 °C

Page 15
C—H ortho-alkylation
with an epox1de
3. Pd(OAC), Q
ethylene oxide Me

KOAc, HFIP, 75 °C

56%

4.TBCA
TFA, 0 - 23°C i 92%

Me 6. oS0, 5. Pd(dppf)Cle, | B o
MeBF;K, KOH o g 5
o AcOH 90°C :;@)L Q e MeBRg ou jl/f)\ 2>#<t . (\P@)LNQ
0 o) dio H,0 A . = 0 "
" Lo o'~ L T X o
66% 80% 27
(two steps)

Scheme 6.

Short synthesis of (+)-echinolactone D (29) enabled by a palladium-catalyzed stitching

strategy.2P

4Reagents and conditions: (1) Pd(CH3CN)4(BF4), (20 mol%), L1 (20 mol%), L6 (20 mol%),
AgOAc (2.0 equiv), HFIP, 80 °C; (2) LiOH (5.0 equiv), THF-H,O-MeOH (1:1:1 v/v), 50
°C; (3) Pd(OAC), (2 mol%), L7 (4 mol%), ethylene oxide (2.0 equiv), KOAc (1.0 equiv),
HFIP, 75 °C; (4) TBCA (0.35 equiv), TFA, 0—23 °C; (5) Pd(dppf)Cl, (20 mol%), MeBF3K
(1.5 equiv), KOH (3.0 equiv), Dioxane-H,0 (5:1 v/v), 100 °C; (6) H,SO4 (20.0 equiv),
AcOH, 90 °C; (7) BH3*DMSO (1.5 equiv), THF, 0—23 °C. “TBCA = Tribromoisocyanuric

acid.
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