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ABSTRACT: Rhodium(III)- and iridium(III)-catalyzed C−H
activation of oximes and coupling with propargyl alcohols is
discussed. Depending on the catalyst, the reaction pathway
switched between [3 + 2] and [4 + 2] annulations, thus giving
divergent access to indenamines and isoquinolines in a one-pot
and atom-economical manner. The hydroxyl group in the
tertiary propargyl alcohol substrate was found to be crucial in
controlling chemoselectivity. Five-membered rhodacycle and
iridacycle intermediates have also been identified for
mechanism hypotheses.

The construction of heterocyclic scaffolds via transition-
metal (TM)-catalyzed C−H annulation represents a step-

and atom-economical synthetic method owing to obviating the
need for prefunctionalized substrates.1 Over the past decades, a
variety of heterocycles can be accessed through this protocol
from less-functionalized substrates bearing nitrogen-, oxygen-,
sulfur-, and phosphorus-containing directing groups (DGs).2

Despite these notable advances, the development of classical
DGs with novel diverse synthetic features is still in demand.
Among a broad range of DGs, oximes3 are easily accessible and

viewed as a class of efficient and installable DGs for the synthesis
of nitrogen-containing heterocycles via rhodium(III)-,
ruthenium(II)-, iridium(III)-, and cobalt(III)-catalyzed cou-
plings of C−Hbonds with alkynes,4 alkenes,5 diazo compounds,6

and other coupling partners.7 Typically, the TM-catalyzed
coupling of oxime derivatives with alkynes follows a redox-
neutral [4 + 2] annulation mode, leading to the synthesis of
pyridines or isoquinolines (Scheme 1a, left). In 2015, by
designing the proper alkynes to increase the polarity of the Rhδ+−
Cδ− bond, Li and co-workers disclosed an alternative and
attractive rhodium(III)-catalyzed [3 + 2] annulation mode of
oximes with electron-deficient alkynes, such as trifluoromethane-
sulfonyl phenylacetylenes, for one-pot synthesis of indenamines
(Scheme 1a, right).8

Inspired by these findings and taking into account the
differences of various [Cp*TM(III)] in terms of Lewis acidity
and steric effects, we envisaged that the reaction pathway
between [3 + 2] and [4 + 2] annulation can be switched by
tuning the TM catalyst species under similar reaction conditions,
thus giving rise to completely different types of products from the

same substrates. To the best of our knowledge, such a catalyst-
controlled annulation mode remains an unexploited area.
To validate our working hypothesis and in search for

innovative transformation modes with oxime derivatives, we
turned our attention to versatile and relatively electron-neutral
propargyl alcohols as the model coupling partners, which have
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Scheme 1. Diversified Reaction Modes of Oximes via TM-
Catalyzed C−H Annulation
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been used as one-, two-, or three-carbon synthons in TM-
catalyzed C−H functionalization to deliver valuable structures.9

Herein, we reveal the catalyst-controlled regioselective room-
temperature C−H activation followed by [3 + 2] and [4 + 2]
annulations of oximes with propargyl alcohols in rhodium(III)
and iridium(III) catalysis, respectively (Scheme 1b). The
hydroxyl group in the tertiary propargyl alcohol substrate is
crucial for the chemoselectivity, probably due to its different
binding affinities and modes with TM catalysts to induce the
polarity of TM−C bonds at different levels, thus leading to
efficient and chemoselective synthesis of indenamines and
isoquinolines. Since both of the resulting products are privileged
structural frameworks and present in many bioactive natural
products and drug candidates,10 the two atom-economical
transformations should have broad synthetic utility.
We commenced our investigation by examining the reaction of

O-methyl oxime (1a) with 2-methyl-4-phenylbut-3-yn-2-ol (2a)
under rhodium(III)-catalyzed conditions (see Supporting
Information). In the presence of CsOAc (1 equiv), a trace of
indenamine product 3aa with specific regioselectivity could be
obtained via a [3 + 2] annulation. As the rhodium(III)-catalyzed
coupling between ketoximes and alkynes typically affords
isoquinoline derivatives via a [4 + 2] annulation, the novel [3
+ 2] selectivity prompted us to do further studies. A screening of
additives indicated that AgOAc was an optimal base, affording
the desired indenamine 3aa in 90% yield, while other additives
gave inferior results. Interestingly, an alternative [4 + 2]
annulation could be achieved by simply switching [Cp*RhCl2]2
to [Cp*IrCl2]2 with the same substrates, leading to the efficient
synthesis of isoquinoline product 4aa with specific regioselec-
tivity. The molecular structures of 3aa and 4aa were confirmed
by single-crystal X-ray analysis (CCDC 1476867 and CCDC
1476868, respectively).
With the optimal conditions in hand, we next examined the

reaction scope of oximes under rhodium(III)-catalyzed con-
ditions for the synthesis of indenamine derivatives (Scheme 2a).
Fortunately, various commonly encountered functional groups,
including methyl (3ba), methoxyl (3ca), halogens (3da and
3ea), phenyl (3fa), ester (3ga), and cyano (3ha), were well
tolerated to furnish the corresponding products in moderate to
good yields. With ortho-methoxyl-substituted O-methoxy oxime,
the reaction proceeded smoothly to give the desired product in
moderate yield (3ja), whereas ortho-methyl-substituted O-
methoxyl oxime resulted in no reaction (3ia). When meta-
methoxyl-substituted O-methoxyl oxime was used, the arene
rhodation occurred at both sites, giving a mixture of regioisomers
(3ka and 3ka′). The reaction was also compatible with substrates
bearing different substituents on the oxygen atom (3la) or α
position of oxime (3ma), leading to the corresponding
indenamine skeletons in good yields.
Encouraged by the above results, we were next intrigued to

explore the feasibility of complex bioactive substrates for the late-
stage C−H bond modifications. To our delight, the oxime
derivatives of marketed drugs Dyclonine (1o) and Haloperidol
(1p) underwent the coupling with 2a smoothly to afford the
desired indenamines, which not only provided an efficient and
attractive strategy to generate new analogues of Haloperidol and
Dyclonine for immediate drug screening but also further
illustrated profound potential for late-stage C−H bond
modifications in synthetic chemistry.
Subsequently, a variety of oximes were assessed for the

synthesis of isoquinolines under optimized iridium(III)-
catalyzed conditions (Scheme 2b). Good tolerance of para- or

ortho-methyl-, methoxyl-, halogen-, phenyl-, and ester-substi-
tuted oximes was observed, furnishing the desired isoquinoline
derivatives in moderate to good yields (4aa−ga, 4ia, and 4ja). In
the case of meta-methoxy-substituted O-methoxy oxime, an
inseparable mixture of regioisomers was obtained (4ka and
4ka′). Moreover, α-propyl- and phenyl-substituted O-methoxy
oximes also reacted smoothly, affording moderate yields of
expected products (4ma and 4na). It is necessary to note that
other oximes bearing heterocyclic skeletons, such as furan and
benzothiophene, as well as O-phenyl and O-tert-butyl oximes,
were not tolerated for such rhodium(III)- or iridium(III)-
catalyzed transformations (see the Supporting Information).
The scope of propargyl alcohols for the synthesis of

indenamines and isoquinolines was then explored (Scheme 3).
It is noteworthy that the tertiary alcohols are essential in
controlling the chemo- and regioselectivity of these reactions.
When 1c was used as the model substrate, several propynol
derivatives bearing different substituents on the phenyl ring were

Scheme 2. Scope of Oxime Substratesa

aAll reactions were carried out in 0.2 mmol scale; isolated yield was
reported. bContained an inseparable mixture of isomers; the ratio was
determined by 1H NMR. cYield of the product obtained with O-ethyl
oxime 1l is shown in the parentheses.
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well tolerated to afford corresponding indenamine (3cb−cd)
and isoquinoline (4cb−cd) derivatives in good yields.
To gain more insights into the effect of the tertiary alcohol

group for these transformations, a series of experimental
investigations were then carried out (Scheme 4). Diphenyl
acetylene (2e) resulted in no reaction for both rhodium(III)- and
iridium(III)-catalyzed conditions (Scheme 4a), whereas prop-1-
yn-1-ylbenzene (2f) converted into a mixture of regioisomers of
isoquinoline product under the standard conditions (Scheme
4b). When (3,3-dimethylbut-1-yn-1-yl)benzene (2g) was
subjected to the reaction under rhodium(III)-catalyzed con-
ditions, an exclusive regioselctive isoquinoline product (4ag) was
obtained instead of an indenamine derivative (Scheme 4c).
Moreover, both primary and secondary alcohols (2h and 2i)
resulted in contrary regioselectivity compared with tertiary
alcohols, thus yielding only isoquinoline derivatives regardless of
what catalyst was used (Scheme 4d,e). Summarizing these
results, we can draw the following conclusions for these
transformations: (1) the specific regioselectivity is probably
due to the steric hindrance between gem-dimethyl and the C3−H
of the oxime substrate;11 (2) the hydroxyl group in the tertiary
propargyl alcohol substrate is essential for the [3 + 2] selectivity
under rhodium(III)-catalyzed conditions.
Finally, stoichiometric amounts of [Cp*RhCl2]2 as well as

[Cp*IrCl2]2 were treated with 1a to capture the potential
reactive intermediates (Scheme 4f). To our delight, both
rhodacycle intermediate (CCDC 1502584) and iridacycle
intermediate (CCDC 1502583) could be isolated successfully
and characterized by X-ray crystallography. The following
annulation of metallocycles with 2a easily converted into the
final indenamine and isoquinoline products, revealing that the
reactions were initiated with the same arene metalation to afford
the five-membered metallocycles as active intermediates, even
though different KIE values were given in further isotope-
labeling experiments (see the Supporting Information).
In summary, by employing tertiary propargyl alcohol

derivatives as versatile coupling partners, we have developed
efficient catalyst-controlled room-temperature C−H trans-
formations of oximes for divergent synthesis of indenamine

and isoquinoline skeletons. Switchable [3 + 2] and [4 + 2]
annulations can be achieved, respectively, under rhodium(III)-
and iridium(III)-catalyzed conditions. The hydroxyl group in the
tertiary propargyl alcohol substrate is crucial in controlling the
chemoselectivity probably due to its distinctive coordination
interaction with different TM catalysts depending on their Lewis
acidities and steric effects. Considering the mild reaction
conditions, good functional group tolerance, the valuable
structure of the products, and the application potential for late-
stage C−H functionalization, the present protocols should have
further synthetic utility in constructing complex compounds and
can also evoke more catalyst-controlled C−H activation
reactions for divergent synthesis of other important structural
motifs. More detailed investigations to understand the reaction
mechanism and exploration for new transformation properties of
propargyl alcohols in other TM catalysts, such as the recently
popular cobalt(III) and manganese(I) species,12 are in progress.
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