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ABSTRACT: Mild and eflicient synthesis of ynones via 0 R = 9 o
Ir(1IT)- and Rh(III)-catalyzed, chelation-assisted formyl C—H @fLH . o Rhor Ir cat. ©\)\ 2;_‘;’;?,:‘;53
alkynylation of benzaldehydes has been achieved using rt or 50 °C pg R mid conditions

DG
hypervalent iodine—alkyne reagents. Rhodium and iridium
catalysis exhibited complementary substrate scope.

3 _7 nones are important building blocks in synthetic chemistry Scheme 1. Metal-Catalyzed Alkynylation Reactions

owing to their high reactivity.1 Typically, ynones were Previous work (Loh, Li, Glorius, refs 10, 11)

synthesized from the Sonogashira coupling of acid chlorides or DG R—=—I—0  Rn(ihorlr(l) .
from carbonylative Sonogashlra coupling between aryl halides E;_J,'[H + —caast, |
and terminal alkynes.”® They are also accessible from the Povos v
nucleophilic addition of metal alkynyl reagents to aldehyde ™ cat, o ™
followed by oxidation of the propargyl alcohols.* Alkynylation of ©)‘\ Luez ©)\ l
the formyl group of aldehydes should be a more straightforward ?
method since aldehydes are readily available.”> This could be Thiswork
realized by metal catalyzed C—H activation and functionalization dH =12 Rn orlr ca
of aldehyde.® However, aldehydes differ from arene substrates in ' °
C—H activation, and reports on direct functionalization of formyl
groups are relatively limited.” This could be ascribable to the high Table 1. Optimization Studies®
reactivity of the carbonyl group but poor reactivity of the formyl o
C—H group. In addition, aldehydes are prone to side oxidation dL TIPS —O0  [ICpCl; (4 mol %), base @ﬁ\
and decarbonylation, which may lower the efficiency of the @o et 20n OH\ TIPS
reaction. Thus, metal-catalyzed C—H activation of formyl groups
is mostly limited to insertion of formyl C—H bonds into TIPS-ERX 22) e
unsaturated molecules such as alkenes and alkynes, among entry base (equiv) solvent yield” (%)
others, particularly under Rh(I) catalysis.® 1 CsOAc (2.0) MeOH 52

Recently, it has been demonstrated that Rh(III) catalysts are 2 MeOH <5
highly efficient for the activation of sp* C—H bonds of arenes in 3 CsOAc (0.5) MeOH 62
the couphng with unsaturated molecules and with electrophlhc 4 CsOAc (1.2) MeOH 77
reagents.” In the context of alkynylation, we'® and others'" have s CsOAc (1.2) MeOH 43 (N,)
recently reported the Rh(III)- and Ir(IlI)-catalyzed C—H 6 NaOAc (1.2) MeOH 58
activation and alkynylation of a broad range of arenes using 1- 7 CsOPiv (1.2) MeOH 78
(silylethynyl)-1,2-benziodoxol-3( lH) -ones (silyl-EBXs)" as an 8 CsOAc (1.2) DCE y)
alkynylating reagent (Scheme 1)."> Our mechanistic studies 9 CsOAc (12) MeCN 13
suggested that a Rh(III)—Rh(V)—Rh(III) mechanism might be 10 CsOAc (1.2) 1,4-dioxane 75
operational in the alkynylation of 2-arylpyridines.'™ To further “Reaction conditions: la (0.2 mmol), TIPS-EBX (0.22 mol),
extend the scope to other important C—H substrates, we [Cp*IrCL,], (4 mol %), base, solvent (3 mL), under air at rt for 20
reasoned that chelation-assisted C—H activation and alkynyla- h. “Isolated yield after column chromatography.

tion of benzaldehydes may lead to eflicient synthesis of ynones.
In this process, the conversion of an electrophilic formyl group
into a nucleophilic metal-formyl bond represents metal-
mediated umpolung of the carbonyl such that charge-matched
coupling with electrophilic EBX reagents may proceed.

The use of OH and NHSO,R as directing group is practically complementary substrate scope,
useful.'* We embarked on our studies with the screening of the
reaction conditions for the coupling between salicylaldehyde and Received: January S, 201S
TIPS-EBX (Table 1). We initially applied [RhCp*ClL,], as a Published: February 4, 2015

catalyst in the presence of a base. However, no desired product
was detected, and the salicylaldehyde was mostly recovered.
Having noted that Rh(III) and Ir(III) catalysis can offer
103,15

we next resorted to the
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iridium congener [IrCp*Cl,], as a catalyst. A desired coupling
did occur without exclusion of air when CsOAc (2 equiv) was
used as a base in MeOH, and product 3aa was isolated in 52%
yield (entry 1). Control experiments indicated that both a base
additive and the catalyst are necessary. Variation of the amount of
the CsOAc revealed that the yield reached optimum when
CsOAc was used in a slightly superstoichiometric amount, under
which conditions the product was isolated in 77% yield (entry 4).
Screening of bases indicated that CsOPiv is equally optimal, but
other bases such as NaOAc and Ag,CO; led to poor conversions.
Strong solvent effects have also been observed, and the reaction
proceeded well in oxygenated solvents such as MeOH, ‘AmOH,
or 1,4-dioxane, while MeCN and DCE are not suitable for this
reaction (entries 8—10). Surprisingly, a sluggish reaction was
observed (entry 5) when the reaction was performed under N,,
although no external oxidant seems necessary. This scenario has
been observed in rhodium- catalyzed C H activation of arenes
bearing an oxidizing directing group."

With the establishment of the optimal reaction conditions, we
next investigated the scope and limitations of this reaction
(Scheme 2). Under the optimal conditions, a broad scope of

Scheme 2. Ir(III) Catalyzed C—H Alkynylation of
Sahcylaldehyde
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“Reaction conditions: aldehydes (0.20 mmol), TIPS-EBX (0.22
mmol), CsOAc (0.24 mmol), [IGC”‘Clz]2 (0.008 mmol), MeOH
(3.0 mL), rt, 20 h, sealed tube with air. “Isolated yield after column
chromatography. “Reaction was performed in 1,4-dioxane.

salicylaldehydes is tolerated in the coupling with TIPS-EBX.
When MeOH was used as the solvent, introduction of (weakly)
electron-donating and halogen groups at the 3- and 4-positions
of the benzene ring is tolerated. However, when substituents
such as halogens, EDGs, and EWGs (halogen, NO,) were
introduced into the 3- and/or S-position or when a 4-OMe was
introduced, the reaction became sluggish, and only low yields
were isolated. To our delight, switching the solvent to 14-
dioxane regained the coupling efficiency. Thus, under these
different conditions various substituents are compatible, and in
all cases good to high isolated yields have been isolated by
switching between these two solvents.

We next turned our attention to mild alkynylation of N-
sulfonyl-2-aminobenzaldehydes. Although it is isostructural to
salicylaldehyde, aldehyde 4g failed to couple under the Ir-
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catalyzed conditions that are optimal for salicylaldehyde (see the
Supporting Information). Importantly, switching the catalyst to
[RhCp*Cl,], gave rise to an efficient coupling (92% isolated
yield) when the reaction was conducted in a halogenated solvent
(DCM or DCE). In stark contrast to the reaction of
salicylaldehydes, this reaction is much less eflicient when air
was not excluded.

By following the optimized conditions, a broad scope of N-
sulfonyl-2-aminobenzaldehydes bearing different substituents
(halogen, methyl, and nitro) all underwent smooth coupling with
TIPS-EBX, and the product was isolated in 68—90% yield
(Scheme 3). The sulfonyl group can be extended to

Scheme 3. Rh(III)-Catalyzed C— H Alkynylation of N-
Sulfonyl-2-aminobenzaldehyde®”
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“Reaction conditions: N-sulfonyl 2-aminobenzaldehyde (0.20 mmol),
R-EBX (0.22 mmol), CsOAc (0.24 mmol), [RhCp*CL], (0.008
mmol) DCM (3.0 mL), SO °C, 20 h, sealed tube under nitrogen.
bIsolated yield after column chromatography.

methanesulfonyl and to benzenesulfonyls bearing different
electron-donating and -withdrawing groups. Furthermore, the
aldehyde backbone is not limited to benzaldehyde, and a 2-
thenaldehyde also reacted to afford ynone Soa in 67% yield. The
alkyne terminus in the EBX reagent can be expanded to other
silyl groups (TES and TBDPS) and to a tert-Bu group albeit with
relatively lower isolated yields. In contrast, poor or essentially no
reaction occurred when TMS-EBX or Ph-EBX was employed,
indicating that steric effect of the alkyne terminus is playing a
significant role.'”'""”

To demonstrate the synthetic application of the alkynylation
product, a simple derivatization reaction has been performed.
K,COj;-promoted cyclization of ynone 3aa in acetone led to the
formation of chromone 6 in 84% yield (eq 1)."® The substitution
pattern of this product stays complementary to that obtained
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from rhodium-catalyzed oxidative coupling between salicylalde-
hyde and internal alkynes."

o 0

X K2CO3 (1.2 equiv)
(I\T'PS acetone, 70°C, 12 h | @
OH ’ ' 07 TIPS

84% 6

A series of experiments have been performed to probe the
mechanism of alkynylation of N-Ts-2-aminobenzaldehyde.
Intermolecular competition experiments revealed that a more
electron-deficient N-sulfonyl-2-aminobenzaldehyde coupled at a
higher rate (see the Supporting Information). To explore the
relevancy of C—H activation, cyclometalated Rh(III) complexes
7a,b stabilized by a nitrogen donor (pyridine and acetonitrile,
respectively) have been prepared.” Both complexes exhibited
high catalytic activity, and the product Saa was isolated in
excellent yield (eq 2), indicating that C—H activation is involved.

[e] [¢]
Cp*
H 7a or 7b (8 mol %) /
+ TIPSEBX —————— a Rh ()
standard conditions N L
NHTs Ts
4a 2a 93% for 7a  7a: L = pyridine
94% for7b  7b: L = MeCN

[¢]
CsOAc Ts.

o4 N
@‘{Rh‘/ + tertBuEBX Rh~Oy-Me
N NCMe 1 O

Ts X

8

@)

To further understand the interactions between the Rh—C
bond and the alkynylating reagent, a stoichiometric reaction of
7b and t-Bu-EBX has been performed in the presence of CsOAc,
from which a Rh(III) tripodal complex 8 was isolated in 80%
yield (eq 3). In fact, we have isolated an analogous tripodal
complex in the stoichiometric reaction between a rhodacyclic
complex and t-Bu-EBX.'™ The structure of complex 8 was
assigned on the basis of spectroscopic similarity with this
analogous tripodal complex. Complex 8 proved to be an active
catalyst (6 mol %) for the coupling of N-Ts-2-amino-
benzaldehyde with TIPS-EBX, and the product Saa was isolated
in 80% yield, a value comparable to that obtained by following
the standard catalytic conditions. The fact that the tripodal
complex is an active catalyst suggests that S-elimination of the
acetate group should be reversible (vide infra).

On the basis of our preliminary results and our previous
studies,® h10a o catalytic cycle has been proposed starting from
RhCp*(OAc), which proved to be an active catalyst (Scheme 4).
Cyclometalation of N-Ts-2-aminobenzaldehyde affords a
rhodacyclic intermediate 7, to which the alkynylating reagent
oxidatively adds to generate a Rh(V) intermediate A. We
reasoned that this oxidative addition process could be more facile
than that of the cationic rhodacycle [RhCp*(NAC)]* derived
from the cyclometalation of 2-arylpyridines because complexes
7a,b are more electron-rich and is more prone to oxidation.
Subsequent C(alkynyl)—C(acyl) reductive elimination affords a
Rh(III) intermediate B, which undergoes substitution of the
benzoate ligand by an acetate to give intermediate C. In the
stoichiometric conditions without any substrate, reversible f-
insertion of the acetate is followed to afford the stable tripodal
intermediate 8 as an off-loop intermediate. In the real catalytic
system, C(alkynyl)—C(acyl) reductive elimination is followed by
subsequent protonolysis to furnish the coupled product together
with regeneration of the active RhCp*(OAc), catalyst. The
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Scheme 4. Proposed Catalytic Cycle
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iridium-catalyzed alkynylation may follow a directly analogous
mechanism.

In summary, we have achieved rhodium- and iridium-catalyzed
synthesis of ynones via C—H activation of benzaldehydes in the
coupling with hypervalent iodine alkynylating reagents. An
iridium(IIT) catalyst offered high activity for salicylaldehyde
substrates, while a rhodium(III) catalyst is necessary when the
substrate was switched to N-sulfonyl-2-aminobenzaldehydes. In
these catalytic systems, the electrophilic aldehyde group is
converted to a nucleophilic metal—formyl group, which matches
the electrophilic EBX reagent. Preliminary mechanistic studies
have been performed, and a plausible catalytic cycle has been
proposed. Future work on the design and activation of other
types of C—H bonds are underway in our laboratories.
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