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Synergistic Palladium-Catalyzed C(sp’)—H Activation/C(sp’)—O Bond
Formation: A Direct, Step-Economical Route to Benzolactones™**

Petr Novik, Arkaitz Correa, Joan Gallardo-Donaire, and Ruben Martin*

In the last decade, C—H bond-activation protocols have
profoundly changed the landscape of organic synthesis
through unconventional bond-disconnection strategies for
the assembly of complex organic molecules.!"! Ideally, direct-
ing groups that are commonly employed in C—H activation
processes should have a dual role by assisting chelation and
subsequently promoting further functionalization. The use of
benzoic acids holds great promise in this regard,? as
illustrated by the recent work of Yu and co-workers,®! and
other research groups.” Despite the available background
knowledge, the development of catalytic methods for activat-
ing C(sp®)—H bonds is still in its infancy.”! Indeed, it is highly
desirable to design new synthetic pathways based on C(sp*)—
H activation® in order to dramatically increase molecular
complexity while avoiding tedious functional group manipu-
lation.

Benzolactones are a prominent structural motif of many
bioactive natural products and pharmaceutically important
compounds.”! Classical methods for the synthesis of benzo-
lactones include the cyclization of hydroxy acids or halolac-
tonization processes (Scheme 1, pathb).®’) Unfortunately,
these methods require prefunctionalization steps, which
limit the applicability because of the need for additional
synthetic steps (Scheme 1, path a). The most attractive route

functionalization CO,H
(noncatalytic) 2" C(sp®)-H activation

l(paT """" (pathc) |
Y
COyR?

our approach

R1—(:(/ (catalytic, 0

= X path c) Ny N .o
R2=H, CI, OR, or NR, R'T A Pa.
X=Cl, Br, I, or OH L

(path b)

cyclization

C(sp )—O bond- formlng
reductive elimination

Scheme 1. Synthetic approaches to benzolactones.
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toward benzolactones 2 would imply a direct catalytic
conversion of benzoic acids 1, thus drastically reducing the
overall number of synthetic steps (Scheme 1, path c). Despite
encouraging precedents,” particularly the pioneering and
elegant work reported by Sames and co-workers when using
Pt catalysts,” this seemingly routine transformation is not yet
efficient because of the low functional group tolerance, the
high price of Pt,"”) and the limited substitution patterns that
can be accessed, thus enforcing a change in strategy. As part
of our ongoing interest in the synthesis of benzoic acids by Pd-
catalyzed CO, activation,!! it was anticipated that 1 might
undergo a Pd"-catalyzed activation of a proximal C(sp*)—H
bond, followed by a virtually unexplored reductive elimina-
tion of a Pd" intermediate to form a C(sp’)~O bond™
(Scheme 1, path ¢).'*** This step would be rather challenging
because of the large energy gap between the highest occupied
molecular orbital (HOMO) of the Pd—O bond and the lowest
unoccupied molecular orbital (LUMO) of the Pd—C bond,
and the substantial ionic character of the Pd—O bond.!>'®
Overall, path ¢ (Scheme 1) would constitute a direct, step-
economical approach toward benzolactones 2. We hypothe-
sized that the judicious choice of a supporting ligand and its
appropriate fine-tuning might play an important, if not
critical, role in the synthesis of 2. Herein, we demonstrate
that these two mechanistically distinct Pd-catalyzed processes
can be drastically accelerated by the employment of an N-
protected amino acid as the supporting ligand in the synthesis
of highly functionalized benzolactones with a diverse set of
substitution patterns that are beyond reach otherwise.

We began our study with 1a as the model substrate. After
considerable optimization,'®! we found that the use of Pd-
(OAc),, K,HPO,, and Ag,CO; as the oxidant in chloroben-
zene as the solvent afforded a remarkable level of activity
(Table 1). As expected from our previous work in inert-bond
activation,''! a minor modification in the ligand backbone
had a detrimental impact on the reaction outcome. Among
the ligands examined, we noticed that the use of L2 and L3
was highly beneficial (Table 1, entries 2-3).%"! Subsequently,
we found that commercially available N-protected amino
acids L4-L9 could be successfully employed as ligands
(Table 1, entries 4-10). The beneficial effect of using N-
protected amino acids for the activation of various C(sp*)—H
bonds has already been demonstrated by the pioneering work
of Yu and co-workers:?!! however, the use of N-protected
amino acids for the functionalization of C(sp*)—H bonds has
received much less attention.”? To the best of our knowledge,
N-protected amino acids have not been employed as ligands
in Pd-catalyzed C(sp*)—O bond-forming reactions. Ligand L7
was particularly active; its use drastically reduced the yield of
3a while the yield of 2a was increased up to 95% (Table 1,
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Table 1: Optimization of reaction conditions.!

Me Pd(OAG), (10 mol%) Me o Me
/@iiOzH L (30 mol%) /@:‘(/ /@\
> o +
H  Ag,COs, K,HPO
Me F2>hC]3 14%0(: 4 Me ) Me ) Me
a a
CO,H R 0
2
ﬁ)k OH E/ o Mo~ Poom L7 ete)
NHAc L8 (R=CFs)
Me HN_ R 3
L1 (R=Ph) L3 L4 (R=H) © Lo (R=1-Ad)
2 e e o
Entry Ligand Yield [96]"!
2a 3a
1 L1 22 17
2 L2 631 1
3 L3 7149 13
4 L4 7 3
5 L5 74 12
6 L6 43 1
7 L7 95(l 1
8 L7 goled 1
9 L8 36 32
10 L9 42 37
11 - 22 14

[a] Ta (0.50 mmol, 0.25m in PhCl as the solvent), Pd(OAc), (10 mol %),
L (30 mol %), Ag,CO; (3 equiv), K,HPO, (2.50 equiv), 140°C. [b] Yield
determined by gas chromatography using dodecane as the internal
standard. [c] Yield of isolated product. [d] Pd(OAc), (5 mol %) was used.
[e] Conditions reported in Ref. [9] were used. The entry in bold represents
the optimized reaction conditions. Bn=benzyl.

entry 7). Interestingly, this transformation could also be
carried out at a lower catalyst loading with 80% yield
(Table 1, entry 8). Intriguingly, the favourable profile when
using L7 can not be explained simply by electronic or steric
effects, as L8 or L9 (Table 1, entries 9 and 10, respectively) are
not particularly effective, thus showing the subtleties of our
protocol. It is worth mentioning that, in contrast to the
previous use of Ag' salts for promoting decarboxylation,®!
our Ag'-mediated protocol only afforded 2a. In order to put
these results into perspective, we compared our optimized
reaction with the Pt-catalyzed process” (Table 1, entry 11)
and demonstrated the superior activity of our catalytic system
based on L7.

We next turned our attention to the scope of this
transformation. As shown in Scheme 2, the chemoselectivity
of our methodology was nicely illustrated by the fact that
ethers (2d,q,z), silyl ethers (2g,h), amides (2i), ketones
(2m, za), acetals (2j), esters (2x), alkenes (2y), and trifluoro-
methyl groups (2k) were all well accommodated, thus giving a
direct access to benzolactones that are inaccessible by
classical routes.®?*! Moreover, the reaction could be con-
ducted in the presence of aryl halides, thus allowing for
further manipulation by conventional cross-coupling reac-
tions (2f,v). Remarkably, compounds bearing nitrogen-con-
taining heterocycles (21) or keto groups with a-acidic protons
(2m) remained unaffected, thus showing the potential of this
transformation. More interestingly, our methodology allowed
for the discrimination between different C—H bonds when
substrates with substituents at the meta position of the
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Scheme 2. Preparation of benzolactones. Reaction conditions as in
Table 1 with ligand L7 and, unless stated otherwise, with PhCl as
solvent. Yields are those of isolated products (average of two
independent runs). [a] A mixture of PhCI/NMP=4:1 was used as
solvent. [b] NMP was used as solvent. [c] Conditions reported in
Ref. [9] were used. NMP = N-methylpyrrolidin-2-one, TIPS = triiso-
propylsilyl, TMS = trimethylsilyl.

benzoic acid unit were employed (2s-2z). In these particular
cases, selective C(sp*)—H bond activation was observed.?>!
These results are quite remarkable in light of the unsuccessful
preparation of 2s-2v under the same reaction conditions
based on Pt catalysts.”**”) The successful preparation of 2r
(albeit in lower yields) is equally instructive as it indicates that
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our reaction is not limited to ortho-methyl benzoic acids as
substrates. Notably, subtle solvent modification results in
different 4/5 ratios, thus suggesting the intermediacy of Pd"/s-
allyl species® or styrene derivatives, respectively (Scheme 3).

gesttincuaissel

65% (4)lcl 3 66% (5)1)

Scheme 3. Preparation of benzolactones 4 and 5. Reaction conditions
as in Table 1 with ligand L7, and a) NMP (4/5=3.6:1) and b) PhCl/
NMP=4:1 (5/4=5:1) as solvent.

A tentative mechanism for the synthesis of benzolactones
is shown in Scheme 4. We propose a pathway consisting of a
transmetalation of an initially generated silver salt 1a—Ag

2Ag° Me O
oxidation LnPd 1a-Ag A92C0s @OH
I
2Ag \<‘ Me
1a
I
L,Pd0 /@fU\ L
2a
C-0 bond- Me O C}—H
activation

forming reductive 0
elimination IIDd”
Me

Scheme 4. Mechanistic hypothesis for the synthesis of benzolactones.
TM =transmetallation.

followed by C(sp*)—H activation to give II. C(sp*)—O bond-
forming reductive elimination then delivers 2a and Pd’, which
upon oxidation by Ag' regenerates the catalytically active
species. At present, we cannot rule out a mechanistic pathway
consisting of the dissociation of the carboxylate ligand in II to
generate a m-benzylic Pd intermediate, followed by an
intramolecular Pd—O bond-forming reaction.” To support
our mechanistic hypothesis, we decided to study the reactivity
of some putative intermediates within the catalytic cycle
(Scheme 5). Consistent with the proposed mechanism, 1a—Ag
was cleanly converted to 2a when stoichiometric or catalytic

a) b)
1a-Ag 1% * + 85% 1a-Ag
Me O Me O
b &
2 o A A 9 OH
Me Me 84% 83% e Me
1a-Pd 1a

Scheme 5. Reactivity of the putative intermediates. a) Pd(OAc),

(1 equiv), L7 (3 equiv), K,HPO, (2.50 equiv); b) Pd(OAc), (10 mol %),
L7 (30 mol %), Ag,CO; (3 equiv), K,HPO, (2.50 equiv); c) L7 (3 equiv),
K,HPO, (2.50 equiv); d) 1a—Pd (10 mol %), L7 (30 mol %), Ag,CO,

(3 equiv), K;HPO, (2.50 equiv).
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amounts of Pd(OAc), were used (Scheme 5, steps a and b,
respectively).™ Similarly, 1a-Pd was shown to be both
chemically and kinetically competent as an intermediate in
the absence of Ag,CO; and afforded 2a in 84% yield
(Scheme 5, step c).'¥! Interestingly, the absence of K,HPO,
had a deleterious effect and led exclusively to 3a. At present,
we also cannot exclude the intermediacy of k*Pd" com-
plexes.” As expected, 1a-Pd could also be used as a
precatalyst and afforded 2a in a comparable 83 % yield
(Scheme 5, step c).'¥! Even though these experiments cannot
be used as an ultimate proof, they provide evidence that a
Pd"/Pd" catalytic cycle®™ is highly unlikely, and support the
notion that the Ag'salts act with a dual role by recovering the
catalytic species and participating in an early transmetalation
step (Scheme 4).

We also conducted experiments with isotopically labeled
substrates (Scheme 6). No significant kinetic isotope effect
was observed in the competitive reaction of 1a and [Dy]-1a;

Me
Me Me
1a D“] 1a
kH/kD =117

intermolecular intramolecular

COzH Me

CD;
[D%-1b
kH/kD =1.56

Scheme 6. Kinetic isotope effects.

similar results were also found in the intramolecular cycliza-
tion of [D;]-1b. The observed isotope effects suggest that the
C(sp’)—H bond cleavage might not be rate-determining,
which is a rather peculiar observation as the vast majority
of C—H activation processes possess high ky/kp values.P!
Although further investigations need to be conducted,”” at
present we support the hypothesis that the C(sp*)—O bond-
forming reductive elimination!>"! is rate-limiting in our
protocol. Overall, we believe our results are highly instruc-
tive, and advocate the notion that L7 might play an important
role in both the activation of the C(sp®)~—H bond and the
reductive elimination to form the C(sp*)—O bond.

In conclusion, we have developed a direct and operation-
ally simple protocol to prepare benzolactones with a wide
variety of functional groups and a diverse set of substitution
patterns. We believe that our represents a significant step
forward for truly applicable, yet active catalysts for a step-
economical route to benzolactones. Future investigations are
aimed at gaining further mechanistic evidence and the
development of an asymmetric version of this route.
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