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ABSTRACT: The Pd-catalyzed carbonylation of cyclic
β-chloro enones using simple phosphine ligands is described.
Screening identified P(Me)(t-Bu)2 as the most general ligand
for an array of chloro enone electrophiles. The reaction scope
has been evaluated on a milligram scale across 80 examples,
with excellent reactivity observed in nearly every case. Car-
bonylation can be achieved even in the presence of potentially
sensitive or inhibitory functional groups, including basic nitro-
gens as well as aryl chlorides or bromides. Twenty examples
have been run on a gram scale, demonstrating scalability and
practical utility. Using P(Me)(t-Bu)2, the reaction rate
depends on both nucleophile and electrophile identity, with
completion times varying between 3 and >18 h under a standard set of conditions. Switching to P(t-Bu)3 for the carbonylation
of 3-chlorocyclohex-2-enone with methanol results in a dramatic rate increase, enabling effective catalysis with kinetics
consistent with rate-limiting mass transfer. Stoichiometric oxidative addition of 3-chlorocyclohex-2-enone and 3-oxocyclohex-1-
enecarbonyl chloride to both Pd[P(t-Bu)3]2 and Pd(PCy3)2 has enabled characterization and isolation of several potential
catalytic intermediates, including Pd−vinyl and Pd−acyl species supported by P(t-Bu)3 and PCy3 ligands. Monitoring the
oxidative addition of 3-chlorocyclohex-2-enone to Pd(PCy3)2 by NMR spectroscopy indicates that coordination of the alkene
precedes oxidative addition. As a result of these studies, methyl 3-oxocyclohex-1-enecarboxylate has been synthesized via
Pd-catalyzed carbonylation of 3-chlorocyclohex-2-enone in 90% yield on a 60 g scale with only 0.5 mol % catalyst loading.

■ INTRODUCTION

Metal-catalyzed carbonylation is a powerful and extensively
applied method for the introduction of CO as a C1 unit into
organic compounds.1 The current abundance of CO available
from methane, the promise of carbon-neutral reductions of
CO2 to CO,

2 and the excellent atom economy of many carbon-
ylation reactions make CO the ideal ambiphilic C1 source. It is
therefore no surprise that carbonylative processes are among
the highest volume applications of homogeneous catalysis in
industry.3,4 In the fine chemical, agrochemical, and pharma-
ceutical sectors, Pd-catalyzed carbonylation is an efficient and
direct method to construct aldehyde, ketone, and carboxylic
acid derivatives in a single multicomponent reaction.5

Many Pd-catalyzed cross-couplings can be modified to per-
form as carbonylations; however, CO forms very strong bonds
with Pd(0), occupying a coordination site and stabilizing the low
oxidation state through synergistic bonding. This raises energy
barriers for the oxidative addition of C−X bonds, often making
this step turnover limiting in carbonylation catalysis.5−7 As a
result, the vast majority of reported Pd-catalyzed carbonylations

use substrates with weaker aryl or vinyl C−I bonds; effective
use of unactivated aryl or vinyl chlorides is considerably
rarer.5,7 Unfortunately, the stepwise installation and subse-
quent elimination of iodide is not mass efficient, making
Pd-catalyzed carbonylation unattractive from an economic and
environmental perspective. Even in the few reported carbon-
ylations of unactivated aryl or vinyl chlorides,7 the generally
high reaction temperatures and relatively narrow substrate
scope limit practical applications in the preparation of func-
tionally complex molecules.
During chemical development for a clinical candidate API,

we required rapid access to large quantities of several cyclic
γ-keto ester derivatives. A survey of existing methods to prepare
these compounds revealed that allylic oxidation using CrO3 is
nearly universally preferred,8−13 despite the environmental and
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safety issues with use of Cr(VI) reagents (Scheme 1A). This
method would also be incompatible with substrates containing
other oxidizable sites, such as where R2 = alkyl. An alternative
approach involves Birch reduction of m-anisic acid derivatives,14

which also carries significant safety, scalability, and chemo-
selectivity concerns (Scheme 1B). We therefore sought both a
versatile, redox-neutral synthetic method in the near term and
a viable long-term solution to access these compounds on
scale.
Herein we describe the development of the Pd-catalyzed

carbonylation of readily accessible cyclic β-chloro enones to
access highly versatile8−12 α,β-unsaturated γ-keto esters and
acids in high yield with a broad substrate scope (Scheme 1C).
We hypothesized that the activated nature of the chloro enone
moiety (a vinylogous acid chloride) would enable effective
oxidative addition even in the presence of CO. Accordingly,
these carbonylations give good to excellent yields without the
need for the alcohol substrate to be used as the solvent.5 Car-
bonylation of α-substituted β-chloro enones (easily accessed
via alkylation or arylation of the precursor diones) generates
highly functionalized tetrasubstituted alkenes. Chemoselective
carbonylation at the vinyl chloride position is possible in the
presence of a variety of functional groups, including aryl
chlorides or bromides. Finally, these reactions proceed at
practical rates with catalyst loadings as low as 0.5 mol %.

■ RESULTS AND DISCUSSION
High-Throughput Reaction Screening. Given the large

number of palladium catalysts reported for carbonylation reac-
tions5 and the anticipated challenges associated with achieving
chemoselective carbonylation of β-chloro enones,15 we began
by evaluating eight electrophiles with various functional groups
(1a−8a) in a “parallel-in-parallel” screening format (Figure 1).16

We screened six simple phosphine ligands (PCy3, P(t-Bu)3,
P(Me)(t-Bu)2, dppp, DPEphos, and dcpp) that have either been
reported for carbonylation reactivity or is a close analogue (such
as P(Me)(t-Bu)2 as a replacement for CataCXium A).17 We also
chose to use the phosphonium tetrafluoroborate salts18 for all
trialkylphosphines in order to ensure reproducibility on a small
scale and to simplify automated solid dispensing. In addition to
ligand diversity, we also evaluated two bases (triethylamine and

potassium carbonate) and two solvents (acetonitrile and
toluene); the other reaction parameters (time, temperature,
and CO pressure) were fixed. These reactions were conducted
in plates using an HEL Cat96 high-throughput pressure
reactor, enabling rapid execution of nearly 200 experiments.
Each run was performed using an internal standard (biphenyl),
which doubles as both an HPLC and an NMR handle for
quantification of the remaining starting material and the
desired product.19 The output of this parallel-in-parallel screen
is depicted graphically in Figure 1.
While it is clear from the data that each substrate behaves

differently, there are options for a general set of conditions.
Both 1a and 2a work well with nearly every ligand tested under
multiple base/solvent combinations, while α-substituted chloro
enones (3a−8a) are less reactive. For the most sterically
demanding substrates, dcpp,7k,l and P(Me)(t-Bu)2 are more
effective. In addition, there are clear solvent and base effects on
reactivity: CH3CN and K2CO3 generally give higher conver-
sion but also greater byproduct formation. In particular, forma-
tion of the corresponding carboxylic acid is enhanced using
CH3CN and/or K2CO3, undoubtedly due to adventitious
water originating from these hygroscopic materials.
Across this 192-experiment array, the most general system is

P(Me)(t-Bu)2 with NEt3 in either CH3CN or toluene. These
conditions are tolerant of all the assessed functional groups and
are even able to achieve chemoselective carbonylation of 8a.
While dcpp, dppp, DPEphos, and P(t-Bu)3 all result in mix-
tures of carbonylation at both Cl and Br (observed by LCMS),
P(Me)(t-Bu)2 gives good selectivity for carbonylation at only
Cl versus at both Cl and Br (∼5:1 desired to overreacted).19

This is, to the best of our knowledge, the first example of a syn-
thetically useful chemoselective carbonylation of a C(sp2)−Cl
over a C(sp2)−Br bond.17d,20 These results highlight the power
of multivariate screening for reaction optimization: screening
only one of these substrates in a univariate manner would not
have revealed a general system or yield alternatives specific to
each substrate (e.g., dcpp for 3a, PCy3 for 7a and 8a).

Carbonylation Scope and Preparative-Scale Synthe-
ses. After identifying a general set of conditions for carbon-
ylation of 1a−8a with methanol, we tested these conditions
against an array of 80 substrate combinations on a 0.1 mmol
scale. Ten functionalized alcohols with varying steric and elec-
tronic properties (b−k) were paired with 1a−8a (Figure 2).
This set includes a number of challenging alcohol substrates
(tert-butyl alcohol, trifluoroethanol, phenol, 2-(2-pyridyl)-
ethanol), as well as water, which could hydrolyze the chloro
enone substrates back to the 1,3-diones. This array was run in a
plate-based format analogous to the screen from Figure 1, with
products identified by LCMS and assessed semiquantiatively
using LC area percent values;19 16 examples were further
analyzed by 1H NMR spectroscopy to confirm solution yields,
which are in good agreement with the LC area percent values.
Across these 80 examples, there is remarkable consistency in
product formation using different alcohols, regardless of nucle-
ophilicity or sterics. Water does not seem to hydrolyze the
starting materials, allowing access to carboxylic acids in addi-
tion to esters. Only substrates 5a and 8a exhibit low conver-
sions in some cases, especially with sterically hindered alcohols.
Menthol, one such hindered alcohol, can be used to install an
inexpensive chiral auxiliary.10b Even potentially chelating
alcohols such as h and k are effective coupling partners, giving
highly functionalized ester products in good yields. Finally,

Scheme 1. Approach to γ-Keto Esters via Carbonylation and
Examples of the Synthetic Versatility of These Products
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both 7a and 8a exhibit chemoselectivity for carbonylation at
the vinyl−Cl over the other Ar−X positions.
Twenty examples have been prepared on a gram scale to

establish the practical utility of this methodology for a number
of challenging substrate combinations (Figure 3). These
reactions were conducted at higher concentration with intense
mixing, enabling a reduction in both catalyst loading (2 mol %)
and temperature (80 °C). Reactions were run under identical
conditions (except for carbonylation of 8a) to enable direct
comparisons for the most general set of reaction conditions.
Despite being unoptimized, the isolated yields range from 44
to 88%, correlating well with solution yields from screening
reactions. In some cases, we observe small amounts of alkene
isomerization in the crude 1H NMR spectra; however, these
isomeric byproducts are removed during chromatographic
purification.19 One exception is the acetophenone-substituted
ester 4b, which was isolated as an inseparable 2.3:1 mixture of
alkene isomers. For reactions with 8a, we observed only ∼10%
carbonylation at Br to give the diester byproduct; no evidence
for carbonylation at only Br to give a monoester byproduct was
observed.19

We have also monitored several of these reactions over time
by liquid sampling using an Unchained Laboratories OSR
apparatus,21 revealing a wide range of rates for different sub-
strate combinations (Figure 4). Comparing the rates of carbox-
ylic acid formation for 1c, 3c, 5c, or 6c indicates that the steric
properties of the electrophile have a large effect on rate, with

the reactivity order 1a > 3a ≈ 6a > 5a. Similarly, increasing
nucleophile steric bulk leads to diminished rates, as observed
for the formation of 1c,f,g.
While the conditions from Figure 3 are a valuable starting

point for exploratory synthesis, we emphasize that the listed
yields are unoptimized and can certainly be improved with fur-
ther development. For example, during process optimization for
the production of 1b, which is commercially available in small
quantities with inconsistent quality, we re-evaluated P(t-Bu)3
as a ligand due to its greater availability on a large scale. Reac-
tion monitoring using the OSR revealed that the formation of
1b proceeds to 80−90% in ∼30 min, even at catalyst loadings
≤1 mol %. In fact, these results revealed an apparent zero-
order dependence on catalyst concentration, leading us to
suspect mass transfer as contributing to the rate.19 Obtaining
meaningful kinetic data under synthetically relevant conditions
proved extremely difficult, which prompted an exploration of
stoichiometric reactivity as an alternative means to study the
potential reaction mechanisms for the formation of 1b using
P(t-Bu)3.

Stoichiometric Reactivity and Isolation of Pd(II) Vinyl
and Acyl Species. The high reactivity of β-chloro enones
toward carbonylation is in stark contrast to difficult carbon-
ylations of other C(sp2)−Cl substrates.7,17d As slow oxidative
addition of the C−Cl bond is often blamed for poor reactivity
of aryl and vinyl chlorides in Pd-catalyzed carbonylation,7 we
targeted our stoichiometric studies toward this reaction

Figure 1. “Parallel-in-parallel” screening design and results. For data visualization, increasing size indicates higher substrate conversion; the color
gradient indicates the HPLC solution yield (red, 0%; yellow, 50%; green, 100%). Numbers correspond to solution yields (>60%) determined by
HPLC or 1H NMR spectroscopy (bold values) versus internal standard. See the Supporting Information for a full table of results.
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(Scheme 2). Monitoring the reaction of a 1:1 mixture of
Pd[P(t-Bu)3]2 and 1a at 60 °C for 1 h reveals ∼10% of a new
species, which we propose is the oxidative addition complex 9,

along with ∼10% of free P(t-Bu)3 (Scheme 2A). Unfortu-
nately, prolonged heating does not give an increase in 9 but
rather formation of multiple new Pd species (observed by 31P

Figure 2. Plate-based reaction scope evaluation between 1a−8a and b−k under one set of reaction conditions. For data visualization, increasing
size corresponds higher substrate conversion; the color gradient indicates the solution yield of the desired product (red, 0%; yellow, 50%; green,
100%). Numbers correspond to solution yields (>30%) determined by HPLC or 1H NMR spectroscopy (boldface values) versus internal standard.
See the Supporting Information for a full table of results.

Figure 3. Gram-scale synthesis of 20 γ-keto esters and acids with solution (NMR) and isolated yields.
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NMR spectroscopy) and concomitant reductive homocoupling
of the cyclohexenone moiety to give 1l. After heating for 17 h
at 60−70 °C, there is an approximately 2:1 ratio of 1l to 1a,
with only minimal 9 present.
We attribute the minimal formation of 9 under these

conditions to the fact that oxidative addition to Pd[P(t-Bu)3]2
proceeds via the monophosphine complex after dissociation
of 1 equiv of P(t-Bu)3.

22 As the reaction progresses, buildup of
free P(t-Bu)3 will disfavor phosphine dissociation from Pd[P(t-
Bu)3]2, limiting the rate of oxidative addition. Subsequent
decomposition to 1l may occur via migratory insertion of the
Pd−C bond onto the alkene of another equivalent of 1a,
followed by β-chloride elimination (effectively a reductive
Heck coupling) or via disproportionation of 9 to generate a
bis(vinyl) palladium species and Pd[P(t-Bu)3]Cl2, followed by
reductive elimination of 1l.
Generation of the corresponding acyl complex (10) was

accomplished by reacting Pd[P(t-Bu)3]2 with the acid chloride
1m. Rapid conversion to 10 (89% solution yield vs internal
standard) and 1 equiv of free P(t-Bu)3 is observed at room
temperature. The 1H NMR spectrum of complex 10 has a
diagnostic downfield singlet (7.5 ppm) for the vinyl C−H; a
broad downfield 13C NMR signal at 208.5 ppm is indicative of
a Pd−acyl unit. Unfortunately, attempts to isolate 10 have not
been successful. While 10 can be precipitated from toluene/
pentane in 50−60% yield, this material is not pure and com-
pletely decomposes in solution after 24 h at room temperature,
forming a complex mixture that includes 1l. In this case, forma-
tion of 1l must occur via decarbonylation23 to give 9, followed
by disproportionation; a Heck-type pathway cannot be oper-
ative, as 1a is not present. Thus, we favor disproportionation as
the likely mechanism for formation of 1l in our attempts to
prepare 9 from 1a and Pd[P(t-Bu)3]2 but cannot completely
rule out the Heck-type pathway. Finally, treatment of 10 with
excess MeOH and DIPEA directly generates 1b in 82%
solution yield at room temperature in <15 min.
Observation of reductive homocoupling in stoichimetric

reactions with P(t-Bu)3 led us to investigate its relevance under
catalytic conditions (Scheme 2B). In the absence of CO, both
1l and the direct substitution product 1n are formed, with the
product distribution dependent on the reaction solvent. This
indicates that MeOH can act both as a nucleophile and as a
reductant to effect catalytic turnover in the formation of 1l. To
assess whether low pCO could result in either 1l or 1n as
byproducts in the carbonylation of 1a, we performed this

transformation with only 1 atm of CO, leading to an 85% or
72% solution yield of 1b in toluene or acetonitrile, respectively.
While 3% of 1n is observed using acetonitrile, we do not
observe evidence for 1l in either solvent. Despite the absence
of 1l from these catalytic runs at 1 atm of CO, formation of 1l
and/or 1n is a possible failure mode if insufficient CO is
present. As a result, we have maintained at least 60 psi of CO
in our preparative-scale carbonylation processes.
In an effort to cleanly isolate a Pd−vinyl species derived

from oxidative addition of 1a, we explored the reactivity of
Pd(PCy3)2 under analogous conditions. While PCy3 is by no
means the most reactive ligand in the carbonylation chemistry,
it is active for carbonylation of 1a to 1b (Figure 1). Pd(PCy3)2

Scheme 2. Formation of Vinyl and Acyl Pd Species and
Observation of Byproducts during Catalysis with 0−1 atm
of CO

Figure 4. Reaction progress plots for selected examples.
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is known to undergo direct oxidative addition without phos-
phine dissociation,24 which we anticipated would mitigate the
conversion problem observed for Pd[P(t-Bu)3]2. Finally,
Pd(PCy3)2 is readily available in pure form (unlike Pd[P-
[(Me)(t-Bu)2]2, which cannot be crystallized and is typically
generated in situ25).
Treating Pd(PCy3)2 with 1a results in smooth formation of

the desired complex (11) (Scheme 2C), which has been
isolated (77% yield) and fully characterized. Monitoring the
oxidative addition reaction progress by both 1H and 31P NMR
spectrocopy reveals the presence of an intermediate that we
have assigned as the alkene complex (11-INT) on the basis of
diagnostic signals in the 1H and 31P NMR spectra.19,26 This
intermediate forms upon mixing and then completely converts
to complex 11 over 6 h (Figure 5). In addition, we observe
broad peaks for the vinyl C−H signal of 1a and 11-INT; a 2D
ROESY NMR spectrum confirms exchange between free and
coordinated 1a on the NMR time scale.19 Calculating Keq for
alkene coordination from the concentrations of 1a, Pd(PCy3)2,
and 11-INT determined in the first 3 h of the reaction gives a
value of 27(2) M−1 at room temperature.
Reacting Pd(PCy3)2 with the acid chloride 1m results in

rapid oxidative addition to the Pd−acyl complex 12, which has

been isolated in 64% yield by precipitation from heptane.
Unlike 10, this acyl species is stable upon isolation, undoubt-
edly because it is coordinatively and electronically saturated.
The NMR spectroscopic features of 12 are consistent with
those observed for 10, with downfield resonances in both the
1H (8.0 ppm for the vinyl C−H) and 13C (240.5 ppm for the
Pd-acyl carbon) NMR spectra. This species can also be gener-
ated by subjecting 11 to a CO atmosphere at 80 °C for 1 h,
giving a 1.4:1 mixture of 11 and 12; prolonged heating results
in decomposition. As for complex 10, treatment of 12 with
excess MeOH and DIPEA generates 1b (88% solution yield);
however, rather than being complete in minutes at room
temperature, ester formation from 11 requires more forcing
conditions (80 °C, 1 h).
Single crystals of complexes 11 and 12 have been analyzed

by X-ray crystallography to establish the solid-state molecular
structures; the ORTEP drawings are shown in Figure 6, along
with key bond lengths and angles in Table 1. Complex 11 is
essentially isostructural with Pd(PCy3)2(Ph)Cl,

7a with the
phosphine ligands situated trans in a slightly distorted square
planar geometry. The cyclohexenyl group is orthogonal to the
square plane (P1−Pd1−C1−C2 torsion angle: 95°), with a
Pd−C distance of slightly less than 2.0 Å. Complex 12 has

Figure 5. (top) Stack plot of 1H NMR spectra (2.4−6.9 ppm) acquired over time during the oxidative addition of 1a to Pd(PCy3)2 (time increases
front to back). (bottom) Reaction progress plot (concentrations determined by integration versus biphenyl as an internal standard or, in the case of
Pd(PCy3)2, calculated assuming mass balance).
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essentially the same structural features, with the acyl ligand ori-
ented orthogonal to the square plane and a similar Pd−C
distance of 1.98 Å.
While further kinetic and spectroscopic studies under the

carbonylation reaction conditions are required to fully eluci-
date the catalytic mechanism, the stoichoimetric chemistry from
Scheme 2 points to key differences in reactivity depending on
ligand identity. As documented for oxidative addition of aryl
halides, Pd/P(t-Bu)3 and Pd/PCy3 systems undergo oxidative
addition with 1a via dissociative22 or associative24 mechanisms,
respectively. Precoordination of the alkene to Pd(PCy3)2 is
rapid and favorable (on/off rates on the NMR time scale, with
Keq = 27 M−1), whereas the need for phosphine dissociation
from Pd[P(t-Bu)3]2 limits the extent of oxidative addition
under stoichiometric conditions.
On the other hand, methanolysis of the P(t-Bu)3-ligated acyl

complex 10 is rapid, reaching complete conversion in minutes
even at room temperature. This is in stark contrast to the
reactivity of PCy3-ligated acyl complex 12, where methanolysis

requires 1 h at elevated temperature. These rate differences are
almost certainly due to the coordination environments of the
two acyl species. Complex 12 is coordinatively and electroni-
cally saturated, meaning that PCy3 dissociation is likely
required for methanolysis to occur. In contrast, complex 10
has an open coordination site to accommodate the incoming
nucleophile. Of course, the presence of CO will lead to changes
in Pd speciation and the rates of elementary steps in the catalytic
cycle; kinetic studies to probe these aspects are ongoing.

Large-Scale Preparation of 1b. All of the information
gathered during screening, gram-scale preparations, and stoi-
chiometric organometallic studies has informed our develop-
ment of a multigram preparation of 1b. Given the very fast
rates observed for the formation of 1b using P(t-Bu)3 even at
low catalyst loadings, we chose this ligand over P(Me)(t-Bu)2
for further development; large-scale availability was also a
consideration. On the basis of the results shown in Scheme 2B,
we chose toluene as the reaction solvent, limited the MeOH
charge to 1 equiv, and maintained an elevated CO pressure
(eq 1). Another key aspect of the reaction setup is to charge

CO at room temperature, followed by heating to 80 °C, rather
than the more typical reverse order of operations. All of these
choices were made to minimize or eliminate the formation of
1l and 1n. Furthermore, moving to a single solvent system
rather than the mixed toluene/acetonitrile conditions from
Figure 3 simpifies the process considerably and makes solvent
recycling on a commercial scale more feasible. Finally, we
increased the reaction concentration to >1 M in 1a to
maximize volume efficiency.
Our initial 60 g scale run with 1.3 mol % of Pd reached

completion in only 20 min as judged by CO uptake, enabling a
further reduction in catalyst loading. Using only 0.5 mol % of
Pd gives 1b in 90% isolated yield (eq 1). Analysis of the crude
product by both NMR and LCMS indicates a very high level of

Figure 6. ORTEP representations of the solid-state molecular structures of complexes 11 (left) and 12 (right) determined by X-ray crystallography.
Thermal ellipsoids are plotted at 50% probability; phosphine substituents are displayed as wireframe for clarity. Complex 11 has a plane of
symmetry through the Cl1−Pd1−C1 plane, rendering both PCy3 ligands equivalent, and C5 is disordered over two positions (one shown for
clarity). Complex 12 crystallizes with two inequivalent molecules in the asymmetric unit; the image and metrical parameters correspond to one of
these molecules.

Table 1. Bond Lengths (Å), Bond Angles (deg), and
Torsion Angles (deg) for Complexes 11 and 12

complex 11 complex 12

Pd1−C1 1.988(7) Pd1−C1 1.9827(18)
Pd1−P1 2.3540(11) Pd1−P1 2.3812(5)

Pd1−P2 2.3581(5)
Pd1−Cl1 2.4147(18) Pd1−Cl1 2.4302(5)

C1−O1 1.212(2)
C1−C2 1.526(3)

C1−C2 1.380(9) C2−C7 1.335(3)
C2−C3 1.455(10) C6−C7 1.474(3)
C3−O1 1.230(10) C6−O2 1.219(3)
C3−C4 1.525(12) C5−C6 1.508(3)
C1−Pd1−Cl1 172.3(2) C1−Pd1−Cl1 178.02(6)
P1−Pd1−P1 169.71(7) P1−Pd1−P2 169.846(18)
C1−Pd1−P1 91.31(4) C1−Pd1−P1 94.26(5)

C1−Pd1−P2 88.03(5)
Cl1−Pd1−P1 89.37(4) Cl1−Pd1−P1 86.050(16)

Cl1−Pd1−P2 92.008(16)
P1−Pd1−C1−C2 95.0(2) P1−Pd1−C1−O1 88.6(2)
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purity after only a simple aqueous workup, with residual
catalyst as the only significant contaminant. We believe that
carbonylation of β-chloro enones will now be a preferred
method to prepare structurally varied cyclic γ-keto ester and
acid derivatives on scale.

■ CONCLUSIONS
By employing high-throughput screening of multiple substrates
simultaneously, we have developed a general, operationally
simple, and scalable synthesis of cyclic α,β-unsaturated γ-keto
esters and acids via the Pd-catalyzed carbonylation of easily
accessed β-chloro enones. Using an appropriate catalyst sys-
tem, centered on simple trialkylphosphine ligands such as
P(Me)(t-Bu)2 and P(t-Bu)3, enables carbonylative coupling
between a wide array of functionalized electrophiles and
oxygen-based nucleophiles with exceptional chemoselectivity.
These reactions can be carried out at high reaction concen-
trations on a multigram scale, providing rapid and efficient
access to these versatile compounds.8−12 We believe a key
element of the carbonylation reactivity observed is coordina-
tion of the enone CC bond to Pd prior to oxidative addition,
combined with the high electrophilicity of the β-carbon. This
propensity of β-chloro enones to add to Pd(0) will likely find
application in many other cross-coupling reactions under mild
conditions,27 especially given that the chloro enone moiety can
be functionalized in the presence of many other potentially
sensitive groups. Evidently, a chloro enone can be more acti-
vated toward oxidative addition in comparison to an aryl
bromidewhen an appropriate ligand is usedenabling
chemoselective functionalization. Further studies on elucidat-
ing the reaction scope and mechanism are currently underway
and will be reported in due course.

■ EXPERIMENTAL SECTION
General Information. All common reagents and solvents were

purchased from commercial sources and used as received. Palladium
catalysts and ligands were stored and handled under dry nitrogen in
gloveboxes unless otherwise noted. Pd[P(t-Bu)3]2 and Pd(PCy3)2
were obtained from Strem and stored at −35 °C in a glovebox. All
chloroenone substrates were stored at −20 °C to prevent
decomposition, which appears to occur via hydrolysis back to the
corresponding dione.
Analytical Details. All NMR spectra were acquired at ambient

temperature on a Bruker 400 MHz spectrometer. Solvents and
frequencies for specific data acquisitions are noted for each case in the
following sections. Chemical shifts were calibrated relative to residual
protio solvent (1H and 13C) or to external standards (31P and 19F).
Data were processed using TopSpin and reports generated using ACD
SpecManager.
HPLC analysis was performed on Agilent 1260 or 1290 series

instruments with diode array detectors, though analysis was typically
done with traces from a single wavelength. Two HPLC methods were
utilized during the course of this work. Method A (1260 series):
column, Zorbax SB-C18, 1.8 μm, 3 × 50 mm; column temperature,
60 °C; flow rate, 1.5 mL/min; solvent gradient, ACN (0.05% TFA v/v)/
H2O (0.05% TFA v/v), from 100/0 to 5/95 over 2.7 min; detection
wavelength, 220 nm. Method B (1290 series): column, Waters X-Select
CSH, 2.5 μm, 2.1 × 30 mm; column temperature, 45 °C; flow rate,
1.6 mL/min; solvent gradient, ACN (0.05% TFA v/v)/H2O (0.05%
TFA v/v), from 97/3 to 5/95 over 1.9 min; detection wavelength,
220 nm.
LCMS analysis was performed on a Waters Acquity system

equipped with UV (Waters Acquity PDA, 210−360 nm), ELS
(Waters Acquity ELSD, 50 °C), and MS (ESI, Waters Acquity SQD,
positive ion mode, scan time 0.1 s) detectors. Chromatography
method: column, Waters CSH (C18), 1.7 μm, 2.1 × 30 mm; column

temperature, 45 °C; flow rate, 1.3 mL/min; solvent gradient, ACN
(0.05% TFA v/v)/H2O (0.05% TFA v/v), from 97/3 to 2/98 over
1.9 min.

SAFETY NOTE. Pressurized carbonylation reactions should always
be carried out in well-maintained, leak-checked pressure equipment
located in a well-ventilated environment, preferrably a dedicated
pressure laboratory. Carbon monoxide detectors should always be in
use and a buddy system employed to ensure safe operation. Before
any large-scale reaction (>100 g input) is performed, a thorough
safety assessment should be conducted, including reaction calorimetry
studies.

General Procedures for High-Throughput Screening. Plate
Setup. Small-scale HTS reactions were carried out on 0.10 mmol
scale with a total reaction volume of ∼0.3−0.4 mL. Solid bases,
palladium sources, and ligands were automatically dosed using a
Quantos QX96 (Mettler Toledo) instrument housed inside a nitrogen
glovebox. These materials were dispensed into a 48-well array of
1.5 mL crimp-cap HPLC vials containing micro stirbars. The plate
was removed from the glovebox, and all liquid reagents and stock
solutions of substrates/biphenyl (internal standard) in reaction sol-
vent were dispensed via micropipet to the appropriate vials according
to the experimental design on the benchtop.

Reaction. Once all materials were charged, each vial was sealed
with an aluminum crimp-cap containing a PTFE/silicone/PTFE
septum. The septa were pierced with a wide-bore needle to allow gas
ingress/egress. The vials (arrayed in a metal plate) were heated to the
desired reaction temperature with magnetic stirring under the desired
pressure of carbon monoxide (∼60 psig) inside a Cat96 pressure
reactor (HEL). Prior to the commencement of heating/stirring, the
following purge cycles were conducted: 3 × 75 psig nitrogen, 3 × 70
psig carbon monoxide. At the end of the desired reaction time, stirring
was stopped, the reactor was cooled to room temperature, and the
atmosphere was replaced with nitrogen following 3 × 5 bar purge
cycles.

Analysis. Once the system returned to ambient pressure, the plate
was removed and the caps were removed. Each vial was diluted with
0.7 mL of acetonitrile. The plate was placed on a stirplate to ensure
complete dissolution of any organic products. The resulting sus-
pensions were centrifuged prior to withdrawing 20 uL aliquots via
micropipet. These aliquots were diluted into an analysis plate with
wells containing 1 mL of acetonitrile. The analysis plate was then
analyzed by either HPLC or LCMS to assay for desired product and
the remaining starting material. Select reactions were also analyzed by
1H NMR to obtain solution yields versus internal standard
(biphenyl).19

General Procedures for Gram-Scale Carbonylation Reac-
tions. Gram-scale runs were performed using either an HEL
AutoMATE parallel pressure reactor with 50 mL vessels and
magnetically driven stirring with a fixed magnetic impeller or using
an Unchained Laboratories OSR unit with 30 mL vessels and
overhead mechanical stirring. General procedures for the reaction
setup in each reactor type, as well as the general workup and isolation,
are described below.

HEL AutoMATE. The entirety of this preparation was carried out on
the benchtop. The desired electrophile (1 g) and biphenyl (internal
standard) were dissolved in 5 mL of anhydrous toluene in a
scintillation vial, and the desired nucleophile (2 equiv, except for runs
with h, where 1.2 equiv was used) was dissolved in anhydrous aceto-
nitrile (5 mL) in a second vial. A 50 mL Hastelloy reactor bottom was
staged in the AutoMATE deck and charged with solid PdCl2(ACN)2
(2 mol %, or 10 mol % with 8a) and P(Me)(t-Bu)2-HBF4 (4 mol %,
or 20 mol % with 8a). In quick succession, the toluene solution of
substrate/standard, triethylamine (1.5 equiv), and the acetonitrile
solution of the nucleophile were added to the catalyst solids via
syringe. Note that this order of addition is critical to reaction success:
adding the nucleophile prior to the triethylamine can result in
substrate and/or catalyst decomposition. Once the solutions were
charged, the vessel was screwed into the reactor top and lowered into
the heat well. Stirring was commenced, and the reactor was pres-
surized with 60 psig of nitrogen and vented three times. The reactor
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was then pressurized with 60 psig of carbon monoxide, vented three
times, and pressurized back to 60 psig of carbon monoxide. The
reactor was heated to 80 °C for 18 h with stirring at 450 rpm and was
set to maintain a minimum pressure of 70 psig throughout the reac-
tion. After 18 h, stirring was stopped and the vessel cooled to room
temperature. After 1 h, the reactor was vented and the headspace
replaced with 60 psig of nitrogen. Finally, before the reaction mixture
was retrieved, the reactor was vented.
Unchained Laboratories OSR. This procedure was used to prepare

compounds 1c,f,g, 3c, 5c, and 6c. The entirety of this preparation was
carried out inside a nitrogen glovebox. A 30 mL OSR glass liner was
charged with solid PdCl2(ACN)2 (2 mol %) and P(Me)(tBu)2-HBF4
(4 mol %). The desired electrophile (1 g) and biphenyl (internal
standard) were dissolved in 5 mL of anhydrous toluene in a scintil-
lation vial and then transferred to the catalyst solids. Triethylamine
(1.5 equiv) was added, followed by the desired nucleophile (2 equiv)
dissolved in anhydrous acetonitrile (5 mL). Note that this order of
addition is critical to reaction success: adding the nucleophile prior to
the triethylamine can result in substrate and/or catalyst decom-
position. Once the solutions were charged, the liner was placed in the
OSR module and the reactor top was fixed in place. Each step in the
process was predefined in a library design made with Unchained
Laboratories Library Studio software and executed with Automation
Studio software. The stirring rate was set to 500 rpm followed by
purging of the reactors with ∼120 psig of nitrogen and subsequently
100 psig of carbon monoxide. The pressure was then set to the
operating pressure of 60 psig, which the system automatically refills
after the pressure level falls under 55 psig. An initial sample was then
taken (corresponding to t = 0). All samples taken were deposited
directly in 1.5 mL HPLC sample vials in a 48-well plate orientation.
The reactor top, which also contains the stirring belt, was set to
95 °C; this temperature is above the reactor operating temperature to
prevent reflux in the vessel. Once the reactor top was at temperature,
each reactor was brought to temperature (80 °C) with a 3 min delay
to account for sampling time (each sampling cycle is 3 min). Sampling
then occurred every 15 min for the first 1 h, every 1 h for hours 1−8,
and every 2 h for hours 8−18 (17 total samples from each reactor)
followed by dilution with acetonitrile. After the final time point was
sampled at 18 h, the reactors were vented and cooled to room
temperature. After the reactors cooled, the reactor top was removed
and glass liners removed for further isolation and characterization.
Samples taken were moved directly to HPLC for analysis.
Workup and Isolation. The crude reaction mixture was diluted

with TBME (10 mL) or ethyl acetate (10 mL, for carboxylic acid
products), brine (8 mL), and 1 M HCl (8 mL) to completely dissolve
all solids (HNEt3Cl), followed by transfer to a separatory funnel. The
phases were well mixed, and then the aqueous layer was removed. The
aqueous layer was back-extracted with TBME (10 mL) or ethyl
acetate (10 mL, for carboxylic acid products), and the combined
organic phases were dried over MgSO4. After filtration, the solvent
was removed in vacuo, and a 1H NMR spectrum was obtained of the
crude material to determine an NMR yield. For all ester products
(except 3k), the residue was redissolved in 10−20 mL of hexanes
(using a minimum amount of EtOAc if required) and purified by
column chromatography with either a 0−20% or 0−40% ethyl acetate
in hexanes gradient, depending on the Rf value for the desired product
(determined by TLC). All preparative column chromatography was
performed using a Teledyne ISCO Combiflash Rf system with
prepacked RediSep columns.
Carboxylic acid products were not subject to chromatography but

were purified in the following manner. The crude residue was
dissolved in a mixture of TBME (20 mL) and 1 M NaOH (20 mL)
with vigorous mixing. After mixing, the layers were allowed to settle
and then separated. The aqueous layer was back-extracted with
TBME (10 mL). The basic aqueous layer was then acidified with 3 M
HCl to pH <2 before extraction with ethyl acetate (3 × 10 mL). The
combined ethyl acetate layers were dried over MgSO4, filtered, and
concentrated in vacuo to give the carboxylic acid products as white/
off-white solids.
Compound 3k was purified by selective extractions.19

Large-Scale Preparation of 1b. Procedure. A 1 L Buchiglas
Ecoclave pressure reactor equipped with an overhead stirrer and a gas
inlet controlled by a mass-flow controller was flushed with nitrogen.
The nitrogen stream was maintained throughout the reaction setup.
The reactor was rinsed with anhydrous toluene (3×) prior to charging
reagents. 3-Chlorocyclohex-2-enone (1a; 60.0 g, 460 mmol) was
dissolved in anhydrous toluene (250 mL) and added to the reactor.
Stirring was commenced at 700 rpm. Solid PdCl2(ACN)2 (0.600 g,
2.31 mmol) was charged through an addition port using a powder
funnel. The funnel was rinsed with a small amount of toluene to
ensure a quantitative transfer. The addition port was fitted with a
rubber septum, and the system was vented through a second port. Tri-
tert-butylphosphine (1.00 g, 4.94 mmol) was dissolved in anhydrous
toluene (50 mL) inside a nitrogen glovebox. This solution was drawn
into a large syringe, which was brought out of the glovebox to the
pressure reactor. The ligand solution was added to the reactor
through the septum. DIPEA (89.0 g, 120 mL, 689 mmol) was added
via syringe through the septum, followed by methanol (15.8 g, 20 mL,
494 mmol). The septum was removed and the reactor sealed and the
headspace purged with 30 psig of nitrogen three times. Stirring was
then stopped, and the headspace was purged with 30 psig of CO three
times. The reactor was then pressurized with 68 psig of CO, and the
uptake monitor on the mass-flow controller was reset to zero. Stirring
was restarted at 1000 rpm, and the reaction mixture was heated to
80 °C over 35 min. Gas uptake commenced once the temperature had
surpassed 55 °C. The initial rate of CO uptake was monitored
extensively for 20 min after the reaction temperature was reached and
then periodically until 180 min.19 The reaction mixture was stirred
under constant CO pressure at 80 °C for 18 h. The next morning, the
total CO uptake was observed to be ∼460 mmol, indicating reaction
completion. The reaction mixture was an orange solution with a
suspended gray/white solid. The reaction mixture was cooled to
20 °C over 35 min, followed by depressurization and purging with
nitrogen to ensure all CO was removed. An aliquot was analyzed by
LCMS, showing >95% area for the desired product and no remaining 1a.

Workup and Purification. The reaction mixture was drained into a
2 L Erleyenmeyer flask via the bottom valve, and the reactor was
rinsed three times with a 1/1 toluene/water mixture (300 mL total
volume) with stirring to ensure a quantitative transfer. The mixed
organic/aqueous phases were transferred to a separatory funnel, and
the layers were separated. The organic phase was dried over MgSO4,
and the solvent was removed after filtration to give an orange oil.
A 1H NMR spectrum of the crude product indicated that all DIPEA
was removed in the workup. The only other discernible components
were a small amount of P(O)(t-Bu)3 and residual toluene. In order to
remove the residual palladium, the material was purified by passage
through a silica plug as follows. A 3 L medium-porosity glass frit was
loaded with 750 g of silica gel (approximate dimensions of the plug:
12 in. diameter, 3 in. depth). The silica was slurried with heptane with
stirring using a glass rod to remove air bubbles and inhomogenaities.
The heptane was allowed to drain via gravity. Once the solvent level
reached the top of the silica bed, the neat orange oil was loaded onto
the plug, using heptane to ensure a quantitative transfer. Once the com-
pound was loaded, a 2 in. depth bed of sand was added to the top of the
plug, and the desired compound was eluted with a heptane/ethyl acetate
mixture (3 L of 10/1 heptane/ethyl acetate, 2 L of 7.5/1 heptane/
ethyl acetate, 2 L of 5/1 heptane/ethyl acetate). The eluent solutions
were concentrated in vacuo to give pure 1b (63.8 g, 90% yield).

Synthesis of 11. In a nitrogen-filled glovebox, a tared 4 mL screw-
cap vial was charged with Pd(PCy3)2 (120 mg, 0.180 mmol) and a
stirbar. A second 4 mL vial was charged with 1a (25.8 mg,
0.198 mmol) and toluene (3 mL). The solution of 1a was transferred
to the vial containing Pd(PCy3)2, and the mixture was stirred until it
was homogeneous. The stirbar was then removed, and the mixture
was left to stand at room temperature over several days to crystallize
the product. The mother liquor was then decanted, and the white
solid was washed with pentane (2 × 1 mL) and dried in vacuo.
The solid was again triturated with pentane to remove residual toluene
solvent and dried extensively in vacuo to give compound 11 (110 mg,
77% yield). 1H NMR (400 MHz, CD2Cl2): δ (ppm) 1.10−1.39
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(m, 18 H, 18 × Cy-H), 1.51−1.77 (m, 18 H, 18 × Cy-H), 1.77−1.90
(m, 12 H, 12 × Cy-H), 1.90−2.16 (m, 14 H, −CH2CH2CCH−,
12 × Cy-H), 2.32 (m, 8 H, 6 × PCHR2, −CH2CCH−), 2.90 (t, J =
5.5 Hz, 2 H, −CH2CO), 6.40 (s, 1 H, −CCH−). 13C{1H} NMR
(101 MHz, CD2Cl2): δ (ppm) 24.53, 26.53, 27.76 (d, J = 9.80 Hz),
27.81 (d, J = 9.50 Hz), 27.86 (d, J = 9.80 Hz), 30.17 (d, J =
24.50 Hz), 33.82 (d, J = 9.40 Hz), 33.91 (d, J = 9.40 Hz), 37.95,
39.53, 136.84 (t, J = 2.80 Hz), 191.25, 199.15 (br). 31P{1H} NMR
(162 MHz, CD2Cl2) δ (ppm) 21.13. LRMS (ESI): obtained using
LCMS under standard conditions; fragment observed between m/z
760 and 767 in diagnostic isotope pattern, with most intense peak at
m/z 762, corresponding to [Pd(PCy3)2(R)]

+; another fragment
observed between m/z 520 and 527 in a diagnostic isotope pattern,
with most intense peak at m/z 522, corresponding to [Pd(PCy3)-
(CH3CN)(R)]

+; final major fragment observed at m/z 281 for
[HPCy3]

+. These isotope patterns are pictured in the Supporting
Inormation. Anal. Calcd for C42H73ClOP2Pd: C, 63.23; H, 9.22.
Found: C, 63.48; H, 9.47.
Synthesis of 12. In a nitrogen-filled glovebox, a tared 4 mL screw-

cap vial was charged with Pd(PCy3)2 (100 mg, 0.150 mmol) and a
stirbar. A second 4 mL vial was charged with 1l (25.0 mg, 0.158 mmol)
and heptane (1 mL). The solution of 1l was transferred to the vial
containing Pd(PCy3)2, using two additional portions of heptane
(0.5 mL each), to effect a quantiative transfer. The mixture changed
color to brown/orange immediately upon addition of the acid chloride.
The suspension was stirred and became homogeneous after
approximately 10 min. At this point, an orange solid began to
precipitate; stirring was continued for a further 2 h, after which the vial
was placed in a −35 °C freezer for several days. After standing, the
mother liquor was decanted and the orange solid washed with pentane
(2 × 1 mL) and dried in vacuo. The solid was again triturated with pen-
tane to remove residual toluene solvent and dried extensively in vacuo
to give compound 12 (79.3 mg, 64% yield). 1H NMR (400 MHz,
d8-toluene): δ (ppm) 1.04−1.34 (m, 18 H, 18 × Cy-H), 1.53−1.83
(m, 32 H, −CH2CH2CCH−, 30 × Cy-H), 1.90−2.04 (m, 6 H, 6 ×
PCHR2), 2.13−2.36 (m, 14 H, −CH2CCH−, 12 × Cy-H), 2.45 (br t,
J = 5.30 Hz, 2 H, −CH2CO), 7.99 (s, 1 H, −CCH−). 13C{1H}
NMR (101 MHz, d8-toluene): δ (ppm) 27.60, 30.05, 31.60, 32.60−
33.05 (m, 3 C overlapping), 35.18 (d, J = 22.6 Hz), 39.60 (t, J =
8.90 Hz), 43.60, 146.74 (br), 165.17 (t, J = 11.60 Hz), 204.12, 240.53.
31P{1H} NMR (162 MHz, d8-toluene) δ (ppm) 21.44. LRMS (ESI):
obtained using LCMS under standard conditions; fragment observed
between m/z 787 and 795 in diagnostic isotope pattern, with most
intense peak at m/z 789.8, corresponding to [Pd(PCy3)2(COR)]

+; most
intense fragment peak observed at m/z 281 for [HPCy3]

+. These
isotope patterns are pictured in the Supporting Information. Anal. Calcd
for C43H73ClO2P2Pd: C, 62.54; H, 8.91. Found: C, 62.80; H, 9.19.
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