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A general approach to intermolecular
carbonylation of arene C-H bonds to ketones
through catalytic aroyl triflate formation

R. Garrison Kinney, Jevgenijs Tjutrins, Gerardo M. Torres, Nina Jiabao Liu, Omkar Kulkarni

and Bruce A. Arndtsen*

The development of metal-catalysed methods to functionalize inert C-H bonds has become a dominant research theme in
the past decade as an approach to efficient synthesis. However, the incorporation of carbon monoxide into such reactions
to form valuable ketones has to date proved a challenge, despite its potential as a straightforward and green alternative to
Friedel-Crafts reactions. Here we describe a new approach to palladium-catalysed C-H bond functionalization in which
carbon monoxide is used to drive the generation of high-energy electrophiles. This offers a method to couple the useful
features of metal-catalysed C-H functionalization (stable and available reagents) and electrophilic acylations (broad scope
and selectivity), and synthesize ketones simply from aryl iodides, CO and arenes. Notably, the reaction proceeds in an
intermolecular fashion, without directing groups and at very low palladium-catalyst loadings. Mechanistic studies show
that the reaction proceeds through the catalytic build-up of potent aroyl triflate electrophiles.

stones of traditional synthetic chemistry. A powerful illus-
tration of this is in Friedel-Crafts reactions, wherein the
creation of sufficiently high-energy acylating reagents can lead to
the functionalization of even the unactivated aromatic C-H bonds
(Fig. 1a)"% The breadth and reliability of Friedel-Crafts acylations
has made it a mainstay in the synthetic organic repertoire for the
assembly of ketones, and recent advances have expanded the
scope of these reactions, as well as offered novel approaches to
control product selectivity>. Nevertheless, an intrinsic limitation
of Friedel-Crafts chemistry is the required initial generation of the
electrophilic acylating compounds themselves. This usually entails
the use of reactive reagents (for example, SOCl,, PCl; and strong
Lewis acids) that are synthetic, high energy and create significant
chemical waste. The reactivity of acylating reagents also leads to
significant challenges in their handling and functional group
compatibility. In this regard, transition-metal-catalysed C-H bond
functionalization has rapidly evolved over the past decade to have
tremendous impact’~!2. Relative to stoichiometric Friedel-Crafts
reactions, metal-catalysed approaches can use benign reagents to
functionalize traditionally unreactive C-H bonds, generate minimal
waste and often display high functional group compatibility.
Although metal-catalysed C-H functionalization can be advan-
tageous, there remain a number of limitations in this chemistry
relative to classical electrophilic substitution reactions. For
example, the catalytic functionalization of simple arenes can often
require substrate activation, high catalyst or substrate concen-
trations, or the presence of directing groups in order to proceed
with high efficiency!*!*. In addition, the incorporation of reactive
functionalities into catalytic C-H derivatization platforms can be
plagued by catalyst inhibition. An important example is in the car-
bonylative synthesis of ketones (Fig. 1b). The palladium-catalysed
carbonylative C-H functionalization of arenes to form esters,
amides and carboxylic acids was pioneered by Fujiwara and
co-workers over two decades ago'®, and has seen significant recent

I he generation of reactive electrophiles is one of the corner-

progress'é-2°. In contrast, the intermolecular carbonylative coupling
with simple arenes to generate valuable ketones is not known,
and has to date required either intramolecular reactions or the
use of acidic/activated substrates, as shown by the groups of
Larock, Beller, Skrydstrup, Lei and others?'-2°. This has been
attributed, in part, to the common mechanistic pathway for
palladium-based C-H functionalization, in which the carboxylate
reagents often used in the activation of C-H bonds can react
with the palladium-acyl intermediate much more rapidly
than with arenes (Fig. 1c). Instead, the formation of ketones by
carbonylations typically requires coupling with pre-synthesized
organometallic agents?.

In considering these issues, we questioned if metal catalysed carbo-
nylations might offer an alternative approach to arene C-H bond
functionalization, in which, rather than using transition metals as
the active bond-functionalizing agent, carbon monoxide might
instead be employed to drive the build-up of potent organic electro-
philes capable of reacting with arenes (Fig. 1d). This could provide a
method to combine the attractive features of transition-metal catalysis
(available reagents, functional group compatibility and atom
economy) with that of Friedel-Crafts chemistry (high reactivity,
intermolecular and electrophilic selectivity). The development of
this transformation would require a catalyst that can mediate the cur-
rently unknown reductive elimination of an electrophile sufficiently
reactive to functionalize simple arenes, in contrast with the highly
favoured and well-established reverse oxidative addition of acylating
electrophiles to palladium?*?’. We describe below our studies
towards this goal. These have led to the discovery of a palladium-cat-
alysed platform to perform the carbonylative C-H functionalization of
arenes to form ketones directly from broadly available and stable
reagents (aryl halides, arenes and CO). This transformation occurs
in common solvents, with low catalyst loadings, uses simple
palladium catalysts and illustrates how carbonylation reactions can
be employed efficiently to build-up potent electrophilic acylating
agents: aroyl triflates.
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Figure 1| Comparison of the classical approaches to ketone synthesis with
the palladium-catalysed carbonylative C-H bond functionalization reaction
described here. a, Typical synthetic approach to ketones by Friedel-Crafts
reactions with synthetic electrophiles. b, Ketone synthesis by carbonylative
cross-coupling reactions with organometallic reagents. Known for
organometallic reagents (such as with M =R3Sn or R,B), not known for

M =H. ¢, A challenge in applying palladium-catalysed C-H bond
functionalizations to carbonylative ketone synthesis is the reaction of the
palladium-acyl intermediate with bases, and typically requires the use of
activated heteroarenes, acidic perfluoroarenes or intramolecular reactions.
d, Concept reported here: the palladium-catalysed formation of high-energy
aroyl electrophiles as an alternative approach to carbonylative arene C-H
functionalization. Ar, aryl group; cat, catalyst; L, ligand; M, metal fragment;
Nu, nucleophile; R, alkyl chains; R' and R?, substituents; X, halogen.

Results and discussion
The catalytic formation of organic electrophiles sufficiently reactive
to derivatize aromatic C-H bonds, yet doing so from stable and
available substrates, at first glance appears energetically challenging.
However, carbonylations may provide a unique entry to such
systems. Carbon monoxide is an inexpensive feedstock chemical
broadly employed in the assembly of carbonyl-containing
products®®!. In addition, a less-appreciated feature of carbon
monoxide is its energetics, in which the conversion of CO into a
carbonyl-containing product is often highly exergonic (by up to 40
keal mol™) (ref. 32). We have recently exploited this feature to gen-
erate aromatic acid chlorides and iodides from aryl halides and CO,
with the latter having the ability to functionalize electron-rich N-het-
erocycles®**. Morandi and co-workers have also shown that alkyl
and vinyl acid chlorides can be generated by palladium-catalysed
functional group exchange®. Based on these results, we questioned
if the energetics of CO might be taken even further, and be
employed to drive the generation of electrophilic acylating agents
sufficiently reactive to directly derivatize simple arenes.

To probe this potential, our initial studies examined the functio-
nalization of benzene with the Pd/P'Bu; catalyst system found to

allow the formation of acid halides (ArCOX, X = Cl, I). However,
no evidence for benzene functionalization was observed, and we
instead simply recovered the starting materials (Fig. 2a). This reac-
tivity mirrors that of aroyl iodides, the presumed intermediate gen-
erated from the carbonylation of aryl iodide, which also cannot
directly react with benzene (Supplementary Fig. 1). In considering
approaches to enhance the electrophilicity, one possibility would
be to employ anions that are even more ionizable, such as triflate.
Aroyl triflates are exceptionally potent electrophiles that are typi-
cally generated in situ for aroylation reactions®. Unfortunately,
their high reactivity would not only make their reductive elimin-
ation challenging, but also lead to their much more rapid re-
addition to Pd(0) than that of the aryl halide reagent (Fig. 2b).
The screening of many triflate salts in this catalytic reaction did
not lead to any reaction (Supplementary Table 1). However, we
were pleased to find that the addition of silver triflate resulted in
the carbonylative functionalization of benzene into ketone la in
low yield (12%, Fig. 2¢).

Interestingly, further studies showed that a number of phosphine
ligands can be employed in this catalytic reaction to generate ketone
in comparable yields (Fig. 2c, entries 2-5). This contrasts with the
catalytic formation of acid chlorides and iodides, in which the steri-
cally encumbered P'Bus ligand is critical to drive reductive elimin-
ation as a mechanism to relieve strain®. The origin of the lack of
ligand influence can be seen by monitoring the catalytic reaction
with P‘Bus by 'H and *'P NMR analysis, which shows that P‘Bus

2.5% Pd,dbas o
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7 5% PdCl, - 92%
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Figure 2 | Palladium-catalyst development for the intermolecular
carbonylative coupling of aryl iodide and benzene into ketones. a, Attempt
at benzene carbonylation by in situ aroyl iodide generation leads to no
product. b, Mechanism of catalytic acid halide formation, and the challenge
of generating even more potent aroyl triflate electrophiles. ¢, Catalyst design
for arene carbonylation into ketones with AgOTf: p-tolyl iodide (55 mg,

0.25 mmol); Pdydbas (6 mg, 0.0062 mmol); ligand (0.025 mmol); AgOTf
(97 mg, 0.375 mmol); benzene (2 ml); and 4 atm CO. H NMR yield. Entry 8
performed in DCE solvent. Cy, cyclohexyl; dba, dibenzylideneacetone.
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Figure 3 | Mechanistic studies demonstrate this transformation proceeds through the novel catalytic formation of aroyl triflate electrophiles. a, Plausible
mechanisms for ketone formation include the in situ formation of aroyl triflate electrophiles (path A), palladium-based arene functionalization (path B) or the
formation of a silver-aryl intermediates (path C). Ar, aryl group; L, ligand. b, Removal of benzene from the catalytic reaction leads to the formation of aroyl
triflate (ORTEP-style ellipsoids drawn at 50% probability). ¢, Aroyl triflates undergo rapid oxidative addition to P'Bus-coordinated palladium. d, The
sequestration of P'Bus with HOTf addition leads to the rapid, near-quantitative elimination of aroyl triflate from palladium. r.t., room temperature.

is rapidly consumed by the strong electrophiles generated in cataly-
sis to form protonated phosphine and various degradation products
(Supplementary Fig. 2). As a result, simply removing the phosphine
ligand from the reaction and employing palladium(m) salts as
catalyst leads to the intermolecular derivatization of benzene in
near-quantitative yield (Fig. 2c, entries 6 and 7).

The unusual ability of simple palladium salts with no added
ligands to catalyse the high-yield intermolecular functionalization
of benzene with CO, aryl iodide and a triflate source raises a
number of mechanistic questions. The transformation presumably
proceeds through the formation of a palladium-aroyl intermediate
from oxidative addition followed by CO insertion (Fig. 3a). One
possibility is that this palladium intermediate may undergo reduc-
tive elimination of an aroyl triflate electrophile (path A). However,
in the absence of any phosphine to favour elimination, we also con-
sidered the potential that the non-phosphine coordinated Pd-COAr
intermediate 2 may be sufficiently electrophilic to palladate benzene
(path B), or the silver complex could itself be involved in C-H bond
activation (path C), similar to recent results of Hartwig®, Larossa®®
and Sanford*' and their co-workers. To gain some insight into
which pathway is operative, a series of mechanistic studies were
performed. The competition kinetic isotope effect (KIE) for the
reaction is 1.24 (Supplementary Fig. 3), which is much lower than
that previously observed for arene palladation or the formation of
a silver-aryl intermediate (KIE =~4.5 and 2.3, respectively)®>4042

However, it is in line with common C-H/D isotope effects in
Friedel-Craft acylations with aroyl triflates (KIE = 1.1-1.4) (ref. 43).
Even greater evidence for the mechanism can be seen by monitoring
the catalytic reaction by NMR analysis. As illustrated in Fig. 3b,
removing benzene from the [Pd(allyl)Cl],-catalysed reaction of
aryl iodide, CO and silver triflate leads to the high-yield
generation of the potent electrophile aroyl triflate 3a as an
isolable product.

As far as we are aware, aroyl triflates have not been observed
before as products of palladium catalysis or carbonylation chem-
istry. The identity of this product was confirmed by both in situ
multinuclear NMR analysis and, as shown in Fig. 3b, X-ray crystal-
lography. The subsequent reaction of this aroyl triflate with benzene
occurs in the absence of any catalyst, and with the same KIE as
noted above (ky/kp = 1.27 (Supplementary Fig. 3)), which confirms
the viability of path A as the mechanism for the catalytic reaction.
The actual build-up and isolation of 3a is surprising, as its potent
electrophilicity would normally be thought to result in its more
favoured re-oxidative addition to palladium. For example, the
addition of 3b to Pd(P‘Bus), leads to the quantitative formation
of the oxidative addition product 4b within minutes at ambient
temperature (Fig. 3c). However, such a rapid oxidative addition is
not necessarily the case with the more electron-deficient, non-
ligated palladium salt used as catalyst. By itself, the P‘Bus-
coordinated palladium-aroyl triflate complex 4b does not eliminate
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Table1 | Scope of the carbonylative

C-H functionalization of arenes and heteroarenes.
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Ar-I (1 mmol), arene (2 mmol), [Pd(allyl)Cl1, (0.2 mg, 5% 10~* mmol, from stock solution), AgOTf (385 mg, 1.5 mmol), 4 ml DCE, 4 atm CO, 100 °C, 24 h. Tuu-lww and 1u formed with 2,6-di-t-butylpyridine
(50 mg, 0.30 mmol). Electron-rich arenes (<80 °C) and vinyl iodides (r.t.) react at lower temperatures; heterocycle added after aroyl triflate formation for 1dd, Tee, Thh, 1ll and Tmm (Supplementary Information

gives full details). Excess arene can be recovered (for example, 1u). 1xx-aaa are generated by hydrogenation of the vinyl ketone (0.15 mmol), Pd/C (38 mg, 5% w/w Pd), 3 atm H,, 55°C, 16 h. X=N, O, S;
Bn = benzyl; Ts = p-toluenesulfonyl; Ms = methanesulfonyl.

aroyl triflate, and slowly decomposes into a range of products in the
presence of CO. In contrast, the addition of HOTT to protonate the
phosphine and generate in situ a presumably CO-bound palladium
intermediate 2b leads to the rapid, near-quantitative elimination of
aroyl triflate 3b as a product together with protonated P‘Bus
(Fig. 3d). As such, we postulate that the catalytic generation of

aroyl triflate in this system is facilitated by the electron-deficient
Pd(1) catalyst generated in the presence of CO that can undergo a
rapid reductive elimination of even a highly electrophilic product
such as 3.

In addition to offering a method to generate high-energy aroyl
triflate electrophiles as the products of carbonylation, a notable
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Figure 4 | Applications of this general methodology to the synthesis of pharmaceutically relevant molecules, double C-H bond functionalization and
low-temperature C-H bond functionalization. a, Synthesis of ketoprofen and fenofibrate by arene carbonylation. b, Palladium-catalysed double C-H
functionalization and indanone synthesis with vinyl iodides by in situ acid-mediated cyclization. ¢, Generation of the even-more electrophilic aroyl triflimides
allows the carbonylative C-H functionalization of arenes to proceed at ambient temperature and with high regioselectivity (p:o selectivity with AgOTf: 1bbb,

6:1; 1ccc, 5:1).

feature is that the catalytic formation of 3 is more rapid than its sub-
sequent reaction with benzene (Fig. 3b and Supplementary Fig. 4).
The decoupling of the low-concentration palladium catalyst from
the bond-functionalization step leads to a number of useful features.
For example, it is straightforward to perform benzene C-H functio-
nalization in common organic solvents (such as 1,2-dichloroethane
(DCE) and dichloromethane), rather than in neat arene solvent,
because the arene can react with the organic aroyl triflate product
built up during catalysis (Supplementary Table 2). The catalyst load-
ings for arene functionalization can also be significantly lowered,
and the reaction proceeds in near-quantitative yields with as little
as 0.0075 mol% catalyst (or 150 ppm Pd (Fig. 2¢, entry 8)). As far
as we are aware, this represents one of the lowest catalyst loadings
known for intermolecular arene C-H functionalization*4~46.

We next examined the generality of this approach to ketone syn-
thesis. Examples are shown in Table 1. A wide range of aryl iodides
are compatible with this reaction, including those with electron-
donating (la-1d) and electron-withdrawing (1f-1m) substituents.
Potentially reactive functionalities can be incorporated, such as
esters (1iand 11) and nitro substituents (1k), and the chemoselectivity
for aryl iodide oxidative addition makes this chemistry tolerant of
other halogen-containing substituents (1g and 1h). Benzylic C-H
bonds, which often exhibit a higher reactivity than arenes in many
C-H functionalization systems, are readily tolerated (la, 1b and
1d). The reactions can be performed with an equimolar amount of
arene with a slightly lower yield (80% la (Supplementary Fig. 5)). It
is also straightforward to tune the arene that is derivatized.
Examples include benzene and various electron-rich arenes (10-1z).
With more-elevated temperatures, deactivated arenes can also be
employed, such as chlorobenzenes (1aa and 1bb) and trifluoroben-
zene (1cc), with the selectivity mirroring that of Friedel-Crafts chem-
istry"2. The electrophilicity of the aroyl triflate intermediates in this
chemistry can also be applied to functionalize heterocycles, such as
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pyrroles and indoles, which can react to generate 1dd and 1ee, respect-
ively. Less-activated heterocycles can be similarly functionalized,
including furan (1hh), substituted furans (111), thiophenes (1ii-1kk)
or heterocycles with electron-withdrawing substituents (1ff and
1gg). Heteroaryl iodides are also viable reagents in this reaction to
build-up diheteroaryl ketones (100).

Vinyl halides were also explored as substrates. Unlike aryl-substi-
tuted acid triflates, vinoyl triflates are often highly labile and difficult
to generate by traditional methods*. As shown in Table 1, these elec-
trophiles can be formed in situ through palladium-catalysed
carbonylations and allow the formation of synthetically useful a,p-
unsaturated ketones 1pp-lww with electron-rich arenes. In the
case of luu-1ww, a bulky 2,6-di-¢-butylpyridine base is required to
remove HOTT. The formation of these products can also be combined
with their subsequent reactivity. As an example, coupling the catalytic
formation of these a,p-unsaturated ketones with hydrogenation can
provide an overall approach to prepare alkyl-substituted ketones
(1xx-1laaa). As such, this offers a general method to perform carbo-
nylative arene C-H bond functionalization to generate ketones.

Ketones are valuable building blocks in synthetic chemistry, as
well as useful products themselves in many areas of application.
The ability to generate these compounds from stable and broadly
available aryl iodides, CO and arenes can therefore provide an
attractive alternative to classical synthetic methods. As an illus-
tration, this transformation can be applied to the targeted formation
of pharmaceuticals such as ketoprofen, an effective non-steroidal
anti-inflammatory drug®, from simply benzene, CO and an aryl
iodide in the presence of base to inhibit ester decomposition
(Fig. 4a). Similarly, fenofibrate, a triglyceride and cholesterol regula-
tor*’, can be generated by the carbonylative coupling of 4-chloroio-
dobenzene and the appropriate arene. Alternatively, the catalytic
formation of ketones can also be coupled with their subsequent
reactivity. Performing the carbonylation of arenes with vinyl

5
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iodides under mild heating in the absence of base leads to the formal 6. Liu, Y., Meng, G, Liu, R. & Szostak, M. Sterically-controlled intermolecular

double C—H functionalization of arenes (Fig. 4b). The latter presum- Friedel-Crafts acylation with twisted amides via selective N-C cleavage under
. o mild conditions. Chem. Commun. 52, 6841-6844 (2016).
ably proceeds through subsequent Friedel-Crafts cyclization from . ! e
o X 7. Hartwig, J. F. Evolution of C-H bond functionalization from methane to
the a,p-unsaturated ketone product under the acidic reaction con- methodology. J. Am. Chem. Soc. 138, 2-24 (2015).
ditions®, and offers a direct method to form indanones from arenes. 8. Lyons, T. W. & Sanford, M. S. Palladium-catalyzed ligand-directed C-H
Finally, we have probed if this approach can offer a method to functionalization reactions. Chem. Rev. 110, 1147-1169 (2010).

build-up electrophiles that are even more reactive. Relative even 9 Colby, D. A, Bergman, R. G. & Eliman, J. A. Rhodium-catalyzed C-C bond
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functionalization of arenes into ketones at ambient temperature Angew. Chem. Int. Ed. 48, 5094-5115 (2009).

(Fig. 4c). To our knowledge, electrophilic aroyl triflimides have 11. Liu, C. et a.l. Ox1'dat}ve coupling between two hydrocarbons: an update of recent

not been reported. Although these electrophiles are more labile, C-H functionalizations. Chem. Rev. 115, 12138-12204 (2015).

R I ; o 12. Cernak, T., Dykstra, K. D., Tyagarajan, S., Vachal, P. & Krska, S. W. The
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Conclusions
In summary, we have developed a conceptually new approach to
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