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ABSTRACT: Reported herein is a mechanistic investigation into the palladium catalyzed decarboxylative cross-coupling of sodium benzoates

and chloroarenes. The reaction was found to be first order in Pd. A minimal substituent effect was observed with respect to the chloroarene and

the reaction was zero order with respect to chloroarene. Palladium mediated decarboxylation was assigned as the turn-over limiting step based

on an Eyring plot and DFT computations. Catalyst performance was found to vary based on the electrophile, which is best explained by catalyst
decomposition at Pd(0). The COD ligand contained in the precatalyst CODPd(CH,TMS), (Pd1) was shown to be a beneficial additive. The
bench stable Buchwald complex XPhosPdG2 could be used with exogenous COD and XPhos instead of complex Pd1. Adding exogenous
XPhos significantly increased the catalyst TON and enhanced reproducibility.

B Introduction

Cross-coupling reactions are used to synthesize pharmaceuticals, agrochemi-
cals, and organic-electronics."” Unfortunately, the nucleophile (e.g. boronic acid)
can be expensive, difficult to synthesize, or unstable under cross-coupling condi-
tions.>® In contrast, decarboxylative cross-coupling utilizes inexpensive, stable,
and readily available carboxylates as the nucleophilic component.”'” However,
even with recent progress, decarboxylative reactions frequently suffer from limi-
tations including restricted substrate scope, elevated temperatures, high catalyst
loadings, and the requirement for stoichiometric additives. This work has been
summarized in several review articles, which provide more details about these
transformations.”-91213,18-23

The mechanisms of metal catalyzed protodecarboxylation and decarboxyla-
tive cross-coupling reactions have been studied.®'"** In contrast to systems that
use Ag15,25727 or Cu21,25732
less well understood. Unlike decarboxylative Heck reactions™ or protodecarbox-
ylation reactions,* there is minimal experimental mechanistic data on palladium
catalyzed decarboxylative cross-coupling without copper or silver.**” A variety
of palladium catalyzed methods have been developed including work by Bilodeau
and Forgione on coupling heteroarylcarboxylic acids,**** a report by Eli Lilly to
synthesize a desired scaffold,**** and advancement of intramolecular cyclizations
by Shen,** in addition to others.**** However, these reactions have not been ad-
equately investigated. Cross-coupling without stoichiometric additives is decep-
tively challenging due to halide inhibition.”® A detailed mechanistic understand-
ing is crucial to improve catalysis. More comprehensive data is needed to advance
the field of palladium catalyzed decarboxylative cross-coupling reactions.

additives, systems utilizing only a Pd catalyst are much

We reported the cross-coupling of sodium (hetero)aryl carboxylates with
chloroarenes (Scheme 1).* Compared to prior work, this reaction i) uses inex-
pensive aryl chlorides, ii) displays an improved scope, iii) requires only 1.0 mol %
Pd, iv) does not require any stoichiometric additives, and v) produces only NaCl
and CO: as stoichiometric byproducts. However, several limitations to the reac-
tion were noted, particularly with indole containing electrophiles. Furthermore,
some irreproducibility was observed in coupling electron-rich aryl chlorides at re-
duced catalyst loadings.

Scheme 1. Reported Pd Catalyzed Decarboxylative Cross-Cou-
pling
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Based on computations by Liu,*® the most probable mechanism involves pre-
catalyst activation (Scheme 2, step i) followed by oxidative addition (step ii). Salt
metathesis affords a Pd(II) carboxylate (step iii), which undergoes turn-over lim-
iting decarboxylation (step iv). Reductive elimination affords product and regen-
erates the Pd(0) catalyst (step v).

While Liu’s prior work is informative, there are several significant differences
between the reaction Liu studied computationally and our optimized experi-
mental conditions. These variations include i) using XPhos as the ligand, whereas
prior calculations used PMe; as a model phosphine,* ii) using a sodium carbox-
ylate instead of the potassium salt, and iii) using less activated benzoates, as op-
posed to pentafluorobenzoate. Additionally, experimental mechanistic studies on
a palladium-catalyzed decarboxylative cross-coupling have not been previously
provided in the absence of silver or copper.

Several preliminary observations further prompted this study. Substrate 2c,
featuring an N-Ts protected indole, afforded product 3c in 92% yield (Scheme
1)." However, N-Me indole 2d did not afford product 3d. For most substrates,
Buchwald precatalyst XPhosPdG2, which is commercially available and bench
stable, provided similar results to the precatalyst CODPd(CH,TMS). (Pd1),
which is relatively expensive and is both temperature and air sensitive. However,
for electron-rich aryl-chlorides (such as 4-chloroanisole, 2b), precatalyst Pd1 was
superior. These issues are not explained by the proposed mechanism (Scheme 2).
Furthermore, some irreproducibility was observed with electron-rich substrates.
These observations, along with a substrate dependence on the reaction time
course kinetic profile (vide infra), prompted a more detailed mechanistic study,
the results of which are reported herein.

Scheme 2. Liu’s Mechanism for Decarboxylative Cross-Cou-
pling Based on DFT
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B RESULTS AND DISCUSSION

Kinetic Order in Palladium and Ligands. Based on the original optimiza-
tion,” two different catalyst systems could be utilized: i) 1 mol % XPhosPdG2
orii) a combination of 1 mol % Pd1 and 2 mol % XPhos.* Initial kinetic studies
used XPhosPdG2 because it contains a predetermined 1:1 Pd to XPhos ratio and
has enhanced bench stabilty.*”*® The kinetic order in [Pd] was determined for
the coupling of carboxylate 1a and chloride 2a (Figure 1). Based on the method
of initial rates* the reaction was first order in XPhosPdG2 (koss = 1.61 x 10 with

2.0 uM [Pd], 1 mol % Pd) (Figure 1). This is consistent with a monomeric palla-
dium complex being involved in the turn-over limiting step.

Figure 1. Order in Catalyst
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Kots calculated based on the method of initial rates with product [3a] measured via calibrated
GC-FID. Each point reflects the average of duplicate trials at a given Pd loading. Reactions
conducted with benzoate 1a (0.15 mmol), chloroarene 2a (0.10 mmol), in dioxane (0.2 M),
with 0.5 — 5.0 mol % XPhosPdG2 (plotted in units of M), Dashed line represents a least
squares linear regression with R* = 0.98.

Inverse order with respect to ligand is common for palladium-catalyzed sys-
tems when ligand dissociation is required prior to oxidative addition.””*' Buch-
wald style ligands are known to favor an LPd(0) complex instead of an L.Pd(0)
complex (n = 2-4).*5>"% Carbazole can inhibit some palladium catalyzed cou-
plings, % This reaction was found to be near zeroth order with respect to added
XPhos, carbazole, and carbazole HCI (see SI). These data indicate that the ad-
vantage of precatalyst Pd1/XPhos, over XPhosPdG2, cannot be ascribed to by-
product formation upon XPhosPdG2 activation. Lastly, XPhos oxide was not
observed at the end of the reaction by *'P NMR (see SI), indicating that the ex-
cess XPhos used with Pd1 (2 mol % instead of 1 mol % in XPhosPdG2) was not
merely functioning for precatalyst activation or as a sponge for adventitious oxy-
gen.®% These observations prompted an investigation into the oxidative addi-
tion step.

Oxidative Addition. The reaction time course profile was observed to differ
significantly depending on the chloroarene (Figure 2). With substrate 2a (R =
CN), product formation was linear with respect to time throughout the reaction
(apparent zeroth order, Figure 2a). This kinetic profile would be expected for a
catalytic reaction with a single slow step and no product inhibition ([S] + [cat]
- [P] + [cat] with the rate only dependent on [cat] when saturated in [S]). In
contrast, with substrate 2b (R = OMe, Figure 2b), the time course showed a stark
curvature and failed to reach complete conversion with 1 mol % PdXPhosG2.
This observation suggests that the nature of the electrophile influences the overall
reaction profile and triggered an exploration into the oxidative addition step.

Figure 2. Full Reaction Time Course
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a. R = CN, lines represent a linear fit for reaction progression. b. R = OMe, lines represent a
logarithmic fit for reaction progression. Substrate [2] and product [3] were measured via
calibrated GC-FID. Reactions conducted with benzoate 1a (0.15 mmol), chloroarene (0.10
mmol), in dioxane (0.2 M), with 1 mol % XPhosPdG2.

For Pd(0), oxidative addition is well established to be faster with electron de-
ficient haloarenes.* A series of competition experiments were conducted under
saturating conditions (Table 1, 10 equiv of each chloroarene). With 4-chloroben-
zonitrile (6,-0.66), the 4-benzonitrile product (3a) always predominated (Table
1, entries 1-3). With 4-chloroanisole (6,--0.27) vs chlorobenzene (o, -0, entry
4) or vs 4-tert-butyl-chlorobenzene (6,--0.2, entry 5), a mixture of products was
observed. This significant substituent effect is consistent with prior work with Pd
oxidative addition and is consistent with the varied kinetic profile shown in Figure
2. However, the initial rate was found to be near zeroth order with respect to aryl
chloride (4-chlorobenzonitrile, 2a, see SI). A Hammett plot was constructed us-
ing the method of initial rates* (Figure 3). Across the traditional Hammett series,
the p value was small (p = 0.1S, kwel 4-CN/4-OMe ~2, OMe ¢, = -0.27, CN 0, =
0.66). This is consistent with Liu’s mechanism where decarboxylation, not oxida-
tive addition, is turnover limiting (Scheme 2). These data support the conclu-
sions that i) the rate of this elementary step does vary based on the substrate, and
ii) oxidative addition is not turn-over limiting under catalytic conditions. This is
sensible based on the reported rate of isolated oxidative addition reactions.** The
observed difference in the reactivity profile (Figure 2) may indicate that varying
the arene may influence other steps of the catalytic cycle, potentially decarboxy-
lation or the catalyst resting state (vide infra).

Table 1. Competition Experiment

jop jop
Cl Ar
i +  2,10equiv 1 mol % XPhosPdG2 3
Ar” "ONa R' dioxane, 140 °C R’
1a, 1 equiv /©/
cl Ar
2'. 10 equiv  Ar = 24,6, -trifluorophenyl 3’
Entry R=,o0, R'=,0, 3 (%) 3 (%) 3:3’
1 CN, 0.66 H,0 92 <5 nc
2 CN, 0.66 ‘Bu,-0.2 90 n.d. nc
3 CN, 0.66 OMe, -0,27 >95 <5 nc
4 H,0 OMe, -0.27 Ny 30 2.0:1
N ‘Bu, -0.2 OMe, -0.27 S1 34 1.5:1

Reactions conducted with benzoate 1a (0.10 mmol), chloroarenes (1.0 mmol each), in diox-
ane (0.17 M), with 1 mol % XPhosPdG2. Yields determined by calibrated GC-FID. All
yields reflect the average of duplicate trials. n.d. = not detected, nc = not calculated.

Figure 3. Hammett Plot
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Values for k. calculated based on the method of initial rates with product [3] measured via
calibrated GC-FID. Each point reflects the average of duplicate trials with a given chloroa-
rene. Reactions conducted with benzoate 1a (0.15 mmol), chloroarene (0.10 mmol), in di-
oxane (0.2 M), with 1 mol % XPhosPdG2.

Decarboxylation. Based on the data presented, oxidative addition does not
appear turn-over limiting, making decarboxylation the likely turn-over limiting
step. The reaction was observed to exhibit zero order dependence on carboxylate
1a, which is likely due to the insolubility of the sodium carboxylate in the reaction
media. To investigate the activation barriers for the catalytic cycle, the initial rate
was measured at different temperatures with substrates 1a and 2a to construct an
Eyring Plot (Figure 4).”” Based on the slope and intercept, the activation barriers
were calculated (AG* = 33.9 kcal/mol, AH* = 28.2 kcal/mol and AS* = -14.0
cal/(mol*K)). Because decarboxylation is difficult to examine experimentally, a
series of DFT calculations were conducted.

Liu’s calculated catalytic cycle used the simplified model ligand PMes,* which
varies significantly from the Buchwald-style ligands used in our optimized cata-
Iytic reaction. The experimentally optimized ligand is XPhos (2-dicyclohex-
ylphosphino-2,4',6"triisopropylbiphenyl). The catalytic cycle was calculated us-
ing SPhos (2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl, shown in INO)
because SPhos is less conformationally flexible than XPhos, which streamlines
the calculations. Based on our initial report, SPhos is an effective ligand experi-
mentally®® and it is structurally similar to XPhos. Density functional theory
(DFT) calculations were performed with Gaussian16.” Geometry optimizations
were conducted in the gas phase using the MO6L functional. Energies were fur-
ther refined with MOG6 using a larger basis set and 1,4-dioxane as implicit solvent
(see Computational Methods and SI).”

Figure 4. Eyring Plot
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kows calculated based on the method of initial rates with [3a] measured via calibrated GC-
FID. Each point reflects the average of duplicate trials at a given temperature. Reactions con-
ducted with benzoate 1a (0.15 mmol), chloroarene (0.10 mmol), in dioxane (0.2 M), with 1
mol % XPhosPdG2.

Consistent with the literature,® calculations on the cross-coupling of sub-
strates 1a with 2b (Figure 1) indicate that decarboxylation is the turn-over limit-
ing step. The calculated energy span for decarboxylation (TS2-a) is 31.7
keal/mol when measured from the lowest preceding intermediate (IN2). Com-
pared to the previously calculated barrier using pentafluorobenzoate and PMes as
amodel phosphine (24.0 kcal/mol),* this calculated barrier is more in line with
the experimentally obtained free energy of activation for our system (33.9
keal/mol, Figure 4). Oxidative addition (TS1) is predicted to be much faster than
decarboxylation, with a free energy barrier of only 15.7 kcal/mol measured from
the preceding complex IN1 for 4-chloroanisole. This trend remains consistent for
all calculated (hetero)aryl chloride/carboxylate combinations (see SI). Notably,
oxidative addition of an electron-deficient aryl chloride is predicted to be faster
(12.7 kcal/mol for 4-chlorobenzaldehyde vs. 15.7 keal/mol for 4-chloroanisole),



which is consistent with the competition experiments in Table 1 (see SI for full
details).

Another difference between the mechanism calculated here and the literature
is the relative stability of the palladium(II) carboxylate (IN3-a). These calcula-
tions indicate that salt metathesis is endergonic (AG=+13.5 kcal/mol), whereas
prior calculations using PMe; predicted an exergonic salt metathesis. This dis-
crepancy likely relates to ligand structure. SPhos is hemilabile, making IN2 a 16-
electron complex. When chloride is exchanged, the distal arene in SPhos must
dissociate to accommodate the K*-carboxylate (IN3-a). In contrast, the PMes-
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containing analog to IN2 reported in the prior calculations is a 14-electron com-
plex, which is stabilized by forming a 16-electron k*-carboxylate product via salt
metathesis. The use of different counter cations (K vs. Na) may also contribute
to energy differences between the two sets of calculations. However, it is worth
noting that error in the calculated energies may arise from our use of an implicit
solvent model, which cannot fully capture the effects of solvent coordination to
ionic species.
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Figure S. Calculated free energy reaction coordinate diagram for the decarboxylative cross-coupling of 4-chloroanisole with 2,4,6-trifluorobenzoate

Table 2. Calculated Free Energies of Activation for Decarboxylation

b
ArCO,Na
NaCl
IN2
(AG =0.0) (- TS2 _
Entry  Ar TS2: INs®
AG? (kcal/mol) AG (kcal/mol)
1 3,4,5-trifluorophenyl TS2-f,41.2 11.5
2 4-fluorophenyl TS2-d,41.3 8.8
3 phenyl TS2-b,40.8 12.3
4 2-fluorophenyl TS2-¢,36.1 6.6
S 2,4,6-trifluorophenyl TS2-a,31.6 14
6 2,6-dimethoxyphenyl TS2-c,26.7 -39

Free energy values are measured relative to IN2, whose energy is defined as 0.0
kcal/mol for this comparison.

Hoover and coworkers recently reported that the field effect parameter has
good predictive power for the rate of decarboxylation of silver benzoates."* In-
spired by this work, DFT was used to compare the barriers for decarboxylation of
several substituted benzoates at Pd. These calculations were conducted using
coupling partner 2b (i.e., using a 4-methoxyphenyl palladium complex, Table 2).
Activation free energies were measured from the lowest energy intermediate
(IN2) that precedes the decarboxylation transition structure. Substrates contain-
ing ortho fluorines or oxygens are calculated to have the smallest barriers to de-
carboxylation. For example, the activation barrier using 2,4,6-trifluorobenzoate is
only 30.3 kcal/mol compared to a barrier of 40.9 kcal/mol with 3,4,5-trifluoro-
benzoate. This finding is consistent with a field effect correlation. Analysis of the
electrostatic potential surfaces for the decarboxylation transition structures also

reveals features expected based on field effects. In particular, electronegative or-
tho substituents provide regions of negative electrostatic potential in close prox-
imity to the negative carboxylate (Figure 6). This phenomenon is indicative of
electron repulsion, which may serve as a driving force for expulsion of CO.. It
should be noted that the relative rankings of entries 5 and 6 in Table 2 are not
fully consistent with the field effect parameter (flourine has a larger field effect
parameter then methoxy). In this respect, Pd mediated decarboxylation may not
have as strong of a correlation to the field effect parameter as the decarboxylation
of Ag carboxylates.'> Ag and Pd mediated decarboxylation have been shown to
exhibit different substrate dependences, so different effects, such as arene acidity,
may contribute to the relative ease of decarboxylation.”
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Figure 6. Electrostatic potential maps of decarboxylation transition
structures

Chloroindoles. Attention turned to investigating the substrate limitations of
the catalytic cross-coupling. Heterocycles are common motifs in pharmaceuti-
cals,”” but tend to be challenging substrates for cross-coupling.”*”* The reaction
with S-chloro-1-tosyl indole (2c) afforded a 92% yield; however, S-chloro-1-me-
thyl indole (2d) afforded only trace product (Scheme 1). To determine if the in-
dole acts as a catalyst poison 7#7*7® substrates 1a and 2a were utilized in the pres-
ence or absence of added indole to conduct an additive screen.””*® Cross-cou-
pling quantitatively affords biaryl 3a (Table 3, entry 1). Adding a full equivalent
of indole (entry 2) or N-methyl indole (entry 3) resulted in only a small yield
reduction, indicating that these two indoles are not potent catalyst poisons. How-
ever, adding S-chloro-1-methyl indole (entry 4) or S-chloro indole (entry S), re-
sulted in a significantly diminished yield. The decrease in yield is not likely at-
tributable to competitive cross-coupling of the comparatively electron rich
chloro-indole (vis-a-vis Table 1). In the case of 5-chloroindole, the additive was
consumed in the reaction. The complex mixture obtained may comprise products
from a variety of possible side reactions, including homocoupling, C-H activa-
tion,***and catalyst decomposition. With S-chloroindole, the desired cross-cou-
pling was partially restored by increasing the catalyst loading to 20 mol % (entry
S,78% yield in parenthesis), indicating that the issue is catalyst poisoning and not
selectivity. As such, this result suggests that higher catalyst loadings may enable
cross-coupling of challenging substrates.

Table 3. Indole Additive Screens

CN
F o] F O
ONa + CN 1 mol % XPhosPdG2
al dioxane, 140 °C
F F o £
1a 2a 1 equiv additive 3a

Entry*  Additive % 2a % 3a % Additive
1 none n.d. >99 N/A

A\
2 n.d. 78 68

N

H

A\
3 n.d. 88 98

N

Me

Cl
N

Me

Cl
N
H

Reactions conducted with benzoate 1a (0.15 mmol), chloroarene (0.10 mmol), additive (0.1
mmol) in dioxane (0.2 M), with 1 mol % XPhosPdG2. Yields determined by calibrated GC-
FID. Allyields reflect the average of duplicate trials. “Reaction conducted at 20 mol % catalyst
loading. N/A = not applicable. n.d. = not detected.

34 (787) 33 (nd))

A variety of chloroindoles were subjected to the reaction conditions with var-
ied Pdloadings (Table 4). As originally noted, Indole 2¢ works exceptionally well
(Table 4, entry 1). Indoles with electron withdrawing groups afforded good
yields (entries 2 - 3). The yield of N-methylindole 3d improved with increased
catalyst loading (entry 4). Some NH-indoles remain problematic even at higher
Pd concentrations (2e and 2h). However, 7-chloro-indole (2i) and 4-chloro-in-
dole (2j) give good yields of product with 10 mol % Pd. The results in Table 4
did not correlate with the calculated barriers to oxidative addition (see SI). The
origin of these varied results is not clear and warrants further investigation. Using
additional XPhos and COD (vide infra) failed to further increase the yield of
product 3d (see SI).

Effect of COD and XPhos. Ideally, XPhosPdG2 could be used with all sub-
strates. Irreproducibility and poor conversion were noted (Figure 2, 2b). With
0.1 mol % Pd1 and 0.2 mol % XPhos, an 80% yield of product 3b was observed.*
The yield was only 24% with 0.1 mol % XPhosPdG2. Adding exogenous ligand
with Buchwald ligands can improve yields.**** It is possible that either COD or
XPhos could be stabilizing the catalyst. When using XPhosPdG2, the initial rate
was zero order in COD (See SI). As such, COD does not accelerate or inhibit
decarboxylation. When COD was added to the cross-coupling of 4-chloroanisole
with XPhosPdG2, the yield significantly improved at a 4h reaction time (Figure
7). With 1.0 mol % Pd, the reaction without COD had a 36% yield at 4h (blue
circles), while the reaction with added COD afforded an 80% yield (red trian-
gles). The yield varied in a sporadic manner with respect to catalyst loading at 4
h. If the primary catalyst decomposition pathway involves aggregation of Pd(0),
which is commonly observed with palladium catalyzed transformations,”*¢%
then at higher [Pd], catalyst decomposition would be faster and the reaction yield
would be non-linear with respect to catalyst loading.

Table 4. Cross-Coupling with Various Chloroindoles

N N
R

X mol % XPhosPdG2
ekl
dioxane, 140 °C

-
a
o
m (o]

F 2 Ar = 2,4 6-trifluorobenzene 3
Entry  Substrate % 3° % 3° % 3¢
Cl
A\
1 N 97
T:
2c s
Cl
A\
2 N 53 90 90
2% Ac
Cl
A\
3 N 44 46 47
2 Piv
Cl
A\
4 N nd. 20 34
2d Me
Cl
A\
N N <5 <5 8
H
2e
A
6 cl N n.d. 8 9

I

2h



A\
7 N 5 63 60
H
cl 2i
ci
8 N 8 64 67
N
2j

Reactions conducted with benzoate 1a (0.15 mmol), chloroarene (0.10 mmol), additive (0.1
mmol) in dioxane (0.2 M), with 1 - 20 mol % XPhosPdG2. Yields determined by 19F NMR
analysis. All yields reflect the average of duplicate trials, n.d. = not detected. *1 mol % Pd, *10
mol % Pd, <20 mol % Pd.

The reaction time course profile changed when COD was added (Figure 8).
With 0 mol % COD, the reaction rate clearly decreases over time. With 3 mol %
added COD (see SI for additional data from 1-S mol% COD), the reaction
reached high conversion and the data closely resembled that with substrate 2a
(Figure 2a). As such, adding COD appears to be a viable strategy to improve cat-
alyst performance with substrate 2b. It should be noted that utilizing an alkene
ligand, such as dba, to stabilize Pd(0) has been reported.””*> The reaction time
course with both XPhos and COD (3 mol % of each) provided a similar result
(Figure 8). These data suggest that catalyst death occurs from the aggregation of
Pd(0), which can be slowed with COD and XPhos. The substrate dependence on
oxidative addition (Table 1) and catalyst decomposition at Pd(0) would explain
the observed difference in reaction progression for substrates 2a and 2b (Figure
2).

Figure 7. Effect of COD on Yield
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Reactions conducted with benzoate 1a (0.15 mmol), chloroarene 2b (0.10 mmol), in diox-
ane (0.2 M), with 0.1 — S mol XPhosPdG2 (blue), 0.1 — 5 mol % XPhosPdG2/0.1 - S mol %
COD (red), or 1 — S mol % Pd1/1 - § mol % XPhos. Yields determined by calibrated GC-
FID. Each point represents the result of duplicate trials.

Figure 8. Full Time Course with Additional COD/XPhos
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Reactions conducted with benzoate 1a (0.15 mmol), chloroarene 2b (0.10 mmol), in diox-
ane (0.2 M), with 1 mol % XPhosPdG2 and 3 mol % additive(s). Concentrations deter-
mined by calibrated GC-FID. 0 mol % COD (red triangle) fit with a logarithmic curve (long

F OMe
ome | Mol % XPhosPdG2 O
ONa + Me X mol % additive(s) _
dioxane, 140 °C
F F cl .

dash,), 3 mol % COD (blue circle) and 3 mol % COD/3 mol % XPhos (green box) fit with a
linear trend line (blue dot and green dot-dash, respectively).

Having observed a beneficial role of COD in the reaction, other additives were
screened with the intent of increasing the catalyst turn-over number (Table S and
SI). With no additive and 0.1 mol % XPhosPdG2 the reaction had a TON of 235
(entry 1). The addition of 0.3 mol % COD or norbornadiene(NBD) was not as
beneficial as adding 3 mol% (entries 2-3). When XPhos was added (entry 4), the
TON increased dramatically to 820. This is comparable with the best TON orig-
inally observed with Pd1 (800).%° As such, the addition of XPhos and COD ena-
bles the use of the air stable complex XPhosPdG2 instead of the more expensive
and more sensitive precatalyst Pd1.

Revised Mechanism. The data reported support revision of the previously
proposed mechanism (Scheme 3).** Decarboxylation is turn-over limiting as
originally proposed and highly influenced by the nature of the ortho substituent.
Catalyst death appears to result primarily from aggregation of Pd(0). Competi-
tion experiments and computations indicate that the rate of the elementary oxi-
dative addition step is substrate dependent. When oxidative addition is relatively
slow (substrate 2b), palladium aggregation can occur, which results in catalyst
death (Scheme 9, step vii). This explains the substrate dependent time course
data (Figure 2). Catalyst death can be mitigated by the use of COD and XPhos as
additives (Figures 7 and 8). The observation that COD and/or XPhos addition
can improve catalyst performance may have implications to other palladium cat-
alyzed systems.

Table S. Effect of Additives on Turnover Number

F o 0.3 mol % additive

F OMe
OMe O
ONa + 0.1 mol % XPhosPdG2
dioxane, 140 °C
F F cl F

E
1a 2b 3b

Entry Additive % 3b TON

1 none 24 238

2 COD 14 139

3 XPhos 82 822

4 NBD 18 188

Reactions conducted with benzoate 1a (0.30 mmol), chloroarene 2b (0.20 mmol), in diox-
ane (0.2 M), with 0.1 mol % XPhosPdG2 and 0.3 mol % additive at 140 °C for 120 h. Yields
determined by calibrated GC-FID. All yields reflect the average of 2-4 trials. NBD = nor-
bornadiene

B CONCLUSION

The mechanism of the palladium catalyzed decarboxylative cross-coupling of
chloroarenes was investigated both experimentally and computationally. The re-
action was found to be first order in palladium and zero-order in aryl chloride.
DEFT calculations and an Eyring analysis support decarboxylation as the turn-over
limiting step. The substrate dependent behavior was found to be the result of cat-
alyst decomposition at Pd(0). The addition of either COD or XPhos was found
to improve the catalyst performance. With the addition of XPhos, bench stable
precatalyst XPhosPdG2 could replicate the best results obtained with complex
Pd1. As such, the addition of either COD or XPhos is a promising development
to decrease the catalyst loading and to expand the substrate scope of palladium
catalyzed decarboxylative cross-coupling.

Scheme 3. Revised Mechanism
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B Experimental Section

General Notes for All Kinetic Trials: Following general procedures for ki-
netic trials, the vials were heated to the specified temperature. At the desired time
point, the reactions were quenched by submerging the vial into an ice bath and
the time was rounded to the nearest second. The reaction was diluted with DCM
(ca.2mL). An aliquot of the reaction mixture was filtered through a short plug of
silica gel and the silica gel was washed with DCM (2 mL). The filtrate was col-
lected and analyzed by GC-FID. Concentrations and yields were determined by
GC analysis of the reaction mixture using a linear regression based on a 5-point
calibration curve with biphenyl as the internal standard. The rate of the reaction
(kobs) was determined by the method of initial rates. The initial rate under each
set of reaction conditions was obtained by plotting the concentration of the prod-
uct versus reaction time. The data was fit to a linear function using Excel. The
slope of the fit was recorded as the initial rate of the reaction (M/s). Error in the
fit was determined by the LINEST function in Excel. The rate calculated is re-
ported in the SI along with the error. Each observed rate was determined in du-
plicate or triplicate. The replicate data is reported in the SL

General Procedure A for Kinetic Trials (XPhosPdG2): Preparation of [Pd]
vials: Example given for 1 mol % Pd. A 20 mL vial was charged with XPhosPdG2
(40.0 mg, 0.0S mmol) and dry DCM (20 mL) to prepare a [Pd] stock solution.
An aliquot of the [Pd] stock solution (0.4 mL, 1.0 pimol [Pd]) was added to sep-
arate 4 mL vials. The vials were placed in a fume hood to evaporate the DCM
under air. After 12-18 h, the vials were brought inside a glovebox and stored under
aNzatmosphere for up to two weeks. NOTE: It was discovered that vials of [Pd]
prepared in this manner could be used with little change in catalyst performance
for up to 2 weeks. Using vials that were stored for more than 2 weeks resulted in
less reproducible results (presumed catalyst decomposition).

Decarboxylative Cross-Coupling Reactions for Kinetic Experiments: A
stock solution was prepared in a glovebox. A 20 mL vial was charged with aryl
chloride 2a (264.1 mg, 1.920 mmol), biphenyl (74.1 mg, 0.481 mmol, internal
standard) and dioxane (9.5 mL). Separate vials containing [Pd] catalysts (as de-
scribed above) were charged with benzoate 1a (29.5-33.0 mg, ca.150 ymol) and
an aliquot of the 4-chlorobenzonitrile solution (0.5 mL, 100 umol). The vials
were sealed with a Teflon-lined cap and removed from the glovebox.

General Procedure B for Kinetic Trials (Pd1): In a glovebox, a 20 mL vial was
charged with CODPd(CH.TMS), (Pd1, 5.8 mg, 15 pmol) and dioxane (3.75
mL) to prepare a palladium stock solution. A 20 mL vial was charged with aryl
chloride 2a (207 mg, 1.50 mmol), biphenyl (60.7 mg, 399 umol, internal stand-
ard) and dioxane (3.75 mL). Separate 4 mL vials were charged with benzoate 1a
(29.3-30.7 mg, ca. 150 pmol), an aliquot of the Pd stock solution (0.25 mL, ca. 1
mol % Pd1) and an aliquot of the 2a solution (0.25 mL, ca. 100 ymol 2a). The
vials were sealed with a Teflon-lined cap and removed from the glovebox.

Kinetic Order in XPhos (See SI): The kinetic order in XPhos was deter-
mined by studying the initial rate of reaction with different concentrations of
XPhos from (0.002 - 0.02 M). General procedure B for kinetic trials was followed
with minor modifications. Example given for XPhos = $ mol % (0.01 M). Prior to
general procedure B, XPhos vials were prepared. A 20 mL vial was charged with
XPhos (35.9 mg, 75.3 ymol) and DCM (15 mL) and stirred for 1 h to prepare a
XPhos stock solution. An aliquot of the XPhos stock solution (1.0 mL, 5.0 ymol
XPhos) was added to separate 4 mL vials. The vials were placed in a fume hood
to evaporate the DCM under air. After 18 h, the vials were brought inside a glove-
box and stored under a N> atmosphere.

Kinetic Order in Carbazole (See SI): The kinetic order in carbazole was de-
termined by studying the initial rate of reaction with different concentrations of

carbazole from 0.004-0.02 M. General procedure B for kinetic trials was followed
with minor modifications. Example given for carbazole = S mol % (0.01 M). Prior
to general procedure B, XPhos/carbazole vials were prepared. A 20 mL vial was
charged with XPhos (14.2 mg, 29.8 ymol), carbazole (12.5 mg, 74.8 ymol), and
DCM (12 mL) and stirred for 1 h to prepare a XPhos/carbazole stock solution.
An aliquot of the XPhos/carbazole stock solution (0.8 mL, 5.0 pmol carbazole,
2.0 ymol XPhos) was added to separate 4 mL vials. The vials were placed in a
fume hood to evaporate the DCM under air. After 18 h, the vials were brought
inside a glovebox and stored under a N> atmosphere.

Kinetic Order in Carbazole HCI (See SI): The kinetic order in carba-
zole-HCI was determined by studying the initial rate of reaction with different
concentrations of carbazole-HCl from 0.004-0.02 M. Example given for S mol %
carbazole-HCL XPhos vials (2 mol % XPhos) were prepared as outlined in kinetic
order in XPhos procedure. In a glovebox, a 4 mL vial was charged with Pd1 (3.0
mg, 7.7 umol) and dioxane (0.8 mL) to prepare a palladium stock solution. A sep-
arate 4 mL vial was charged with carbazole-HCI (8.3 mg, 41 pmol) and dioxane
(1.2 mL) to prepare a carbazole-HCl stock solution. A 20 mL vial was charged
with aryl chloride 2a (207 mg, 1.50 mmol), biphenyl (57.9 mg, 380 pmol, internal
standard) and dioxane (3.75 mL). Separate vials 4 mL vials were charged with la
(29.9-32.5 mg, ca. 150 pmol), an aliquot of the Pd stock solution (0.25 mL, ca. 1
mol % Pd1), an aliquot of the 2a solution (0.25 mL, ca. 0.100 pmol 2a), and an
aliquot of the carbazole-HCl solution (0.15 mL, ca. 5.0 ymol). The vials were
sealed with a Teflon-lined cap and removed from the glovebox.

Kinetic Order in XPhosPdG2 (Scheme 3): The kinetic order in palladium
catalyst was determined by studying the initial rate of reaction with different con-
centrations of palladium from 0.001-0.010 M (0.5 mol % - 5.0 mol %). General
procedure A for kinetic trials was followed.

General Procedure for Competition Experiments (Table 1): Example
given for experiment between 4-chlorobenzonitrile(2a) and 4-chloroan-
isole(2b). A stock solution was prepared in a glovebox. A 20 mL vial was charged
with 2a (481.5 mg, 3.500 mmol), 2b (499.1 mg, 3.500 mmol), biphenyl (13.7
mg, 0.0889 mmol, internal standard) and dioxane (1.75 mL). Separate vials con-
taining [Pd] catalysts (as described above) in general procedure A were charged
with sodium 1a (19.8 mg, ca.100 pmol) and an aliquot of the aryl chloride solu-
tion (0.6 mL, 100 ptmol). NOTE: When preparing the aryl chloride stock solu-
tion, the aryl chloride was used in large enough quantities to significantly change
the total volume of the solution, therefore the volume of the aliquot taken was
adjusted accordingly. The vials were sealed with a Teflon-lined cap and removed
from the glovebox. The vials were heated to 140 °C. After 24 hours, the reactions
were cooled to room temperature. The reaction was diluted with DCM (ca. 2
mL). An aliquot of the reaction mixture was filtered through a short plug of silica
gel and the silica gel was washed with DCM (2 mL). The filtrate was collected
and analyzed by GC-FID. The reactions were run in duplicate or triplicate and
the average yield value was reported. NOTE: The competition experiment be-
tween 4-chloroanisole (3a) and chlorobenzene was conducted following the gen-
eral procedure for competition experiments with minor modifications. Biphenyl
(internal standard) was directly weighed into the [Pd] vials.

Hammett Plot (Scheme 5): The Hammett plot was constructed for the reac-
tion of various aryl chloride substrates. General procedure A for kinetic trials was
followed.

Kinetic Order in ArCl (See SI): The kinetic order in aryl chloride was deter-
mined by studying the initial rate of reaction with different concentrations of aryl
chloride from 0.025-0.15 M. The reactions were conducted following the general
procedure A for kinetic data with the following minor modifications. To maintain
pseudo-first-order conditions, the benzoate 1a substrate was used in excess (59.4
mg, 0.3 mmol). For solubility reasons, the reactions were run twice as dilute in
dioxane (1 mL, 0.3 M with respect to 1a).

Eyring Plot (Scheme 6): The temperature was varied (100 - 160 °C). Gen-
eral procedure A for kinetic trials was followed.

Kinetic Order in Carboxylate 1a (see SI): The kinetic order in carboxylate
was determined by studying the initial rate of the reaction with different concen-
trations of 1a (0.1 — 0.3 M)). NOTE: None of these reactions were homogenous
so these results are inconclusive. General procedure A for kinetic trials was fol-
lowed.

Indole Additive Screens (Table 3). Example given for 4-chloro-N-methyl-
indole (2j) as the additive. A stock solution was prepared in a glovebox. A 20 mL
vial was charged with 2a (34.5 mg, 0.250 mmol), 2j (41.5 mg, 0.250 mmol), bi-
phenyl (9.0 mg, 0.0625 mmol, internal standard) and dioxane (1.25 mL). Sepa-
rate vials containing [Pd] catalysts (as described above in general procedure A for
kinetic trials) were charged with 1a (29.5-33.0 mg, ca.150 pmol) and an aliquot
of the 4-chlorobenzonitrile solution (0.5 mL, 100 ptmol). The vials were sealed
with a Teflon-lined cap and removed from the glovebox. The vials were heated to



140 °C. After 24 hours, the reactions were cooled to room temperature. The re-
action was diluted with DCM (ca. 2 mL). An aliquot of the reaction mixture was
filtered through a short plug of silica gel and the silica gel was washed with DCM
(2 mL). The filtrate was collected and analyzed by GC-FID. The reactions were
run in duplicate and the average yield value, additive remaining, and starting ma-
terial remaining are reported.

General Procedure for Indole Screens Characterized by '’F NMR (Table
4). Example given for 7-chloroindole (2i). A stock solution was prepared in a
glovebox. A 20 mL vial was charged with 2i (106.4 mg, 0.700 mmol), 1-fluoron-
apthalene (25.9 mg, 0.175 mmol, internal standard) and dioxane (3.5 mL). Sep-
arate vials containing [Pd] catalysts (as described above in general procedure A
for kinetic trials) were charged with 1a (29.5-33.0 mg, ca.150 pmol) and an ali-
quot of the with 2i solution (0.5 mL, 100 umol). The vials were sealed with a
Teflon-lined cap and removed from the glovebox. The vials were heated to 140
°C. After 24 hours, the reactions were cooled to room temperature. The reaction
mixture was filtered through a short plug of silica. The silica gel was washed with
EtOAc (ca. 2 mL). An aliquot of the filtered reaction mixture was collected and
analyzed by ’F NMR. The yield reported is the average of the yield values calcu-
lated from the two product peaks in the '’F NMR spectrum. Yields by '’F NMR
can be misleading due to changes in the relaxation delay of the '°F nuclei. For
these compounds, yields appeared to be within 8% based on an analysis with pu-
rified materials where the '°F and 'H integrations could be compared.

Kinetic Order in COD (See SI): The kinetic order in 1,5-cyclooctadiene
(COD) was determined by studying the initial rate of reaction with different con-
centrations of COD ranging from 0- 0.02 M. Example given for experiment be-
tween aryl chloride 2a and 1a at [COD]o = 0.002 M. A stock solution was pre-
pared in a glovebox. A 20 mL vial was charged with aryl chloride 2a (290.0 mg,
2.68 mmol), biphenyl (82.2 mg, 533 pumol, internal standard) and dioxane (8.4
mL). A second 20 mL vial was charged with COD (3.1 mg, 28.7 ptmol) and diox-
ane (3.0 mL). NOTE: for each [COD] investigated, a new stock solution was
prepared with a different mass of COD so that all other variables would remain
constant. Separate vials containing [Pd] catalysts (as described above in general
procedure A for kinetic trials) were charged with 1a (29.0-33.0 mg, ca. 150
pmol). Each vial was subsequently charged with an aliquot of the COD solution
(0.1 mL, 1 pmol) followed by an aliquot of the 2a solution (0.4 mL, 100 ytmol).
The vials were sealed with a Teflon-lined cap and removed from the glovebox.

Pre-Catalyst and Additives Loading Screens (Scheme 7): General proce-
dures A or B were followed depending on the pre-catalysts used. Minor modifica-
tions were followed as specified above when XPhos or COD were used as addi-
tives.

TON Experiments (Table 5): Example given for 0.3 mol % XPhosPdG2 and
1 mol % COD. A stock solution was prepared in a glovebox. A 20 mL vial was
charged with aryl chloride 2b (358 mg, 2.51 mmol), biphenyl (104 mg, 0.671
mmo), internal standard) and dioxane (10 mL). A second 20 mL vial was charged
with COD (16.2 mg, 150 pmol) and dioxane (15 mL). Separate vials containing
0.3 mol % XPhosPdG2 catalyst (as described above) were charged with 1a (29.0-
33.0 mg, ca. 150 pmol). Each vial was subsequently charged with an aliquot of the
COD solution (0.1 mL, 1 pmol) followed by an aliquot of the 2b solution (0.4
mL, 100 ptmol). The vials were sealed with a Teflon-lined cap and removed from
the glovebox. The vials were heated to 140 °C. After 24 h, the reactions were
quenched by submerging the vial into an ice bath. The reaction was diluted with
DCM (ca. 2 mL). An aliquot of the reaction mixture was filtered through a short
plug of silica gel and the silica gel was washed with DCM (2 mL). The filtrate was
collected and analyzed by GC-FID.

4'-(tert-butyl)-2,4,6-trifluoro-1,1'"-biphenyl: General Procedure A for De-
carboxylative Cross-Coupling. Compound $3a was synthesized via reported
conditions with minor modifications.® Under air, a 20 mL vial was charged with
XPhosPdG2 (7.9 mg, 0.010 mmol). The vial was brought into a glovebox, and
charged with 1a (222 mg, 1.50 mmol). A separate 20 mL vial was charged with 4-
tert-butyl-chlorobenzene (253 mg, 1.50 mmol) and 1,4-dioxane (7.5 mL) to pre-
pare a stock solution. An aliquot of this stock solution (S mL) was added to the
previous 20 mL reaction vial. The 20 mL vial was sealed tightly with a Teflon lined
cap, brought out of the glove box and stirred at 140 °C. After 24 hours, the reac-
tion was cooled to rt. The reactions were filtered through a short plug of silica gel
and the silica gel was washed with EtOAc (60 mL). The filtrate was concentrated
under reduced pressure. Final purification by column chromatography (gradient
EtOAc/hexanes from 0% - 20%) afforded compound S3a as a waxy white solid
(199 mg, 75%). 'H NMR (400MHz, CDCl;): § 7.50 (m, 2H), 7.39 (m, 2H), 6.78
(m, 2H), 1.39 (s, 9H). *C{1H} NMR (126 MHz, CDCl3): & 161.6 (dt, Jcr =
248.8, 15.7 Hz), 160.4 (ddd, Jer= 249.3, 14.6, 10.0 Hz), 151.4, 130.0 (m, Jer =
2.1Hz), 125.4,115.0 (td, ] = 19.2, 4.8 Hz), 100.8 - 100.1 (m, 2C), 34.7, 31.3."°F

NMR (376 MHz, CDCL): 8 -109.64 (t, ] = 5.8 Hz, 1F), -111.33 (d, ] = 6.0 Hz,
2F). IR (NaCl, thin film, cm™): 3094, 2963, 1438, 1118, 834, 513. HRMS (EI-
TOF) m/z: [M]" calculated for C1sHisFs*: 264.1120; Observed: 264.1130.

1-tosyl-6-(2,4,6-trifluorophenyl)-1H-indole (S3h). General Procedure B
for Decarboxylative Cross-Coupling: Compound S3h was synthesized via re-
ported conditions with minor modifications.’ Under air, a 20 mL vial was charged
with XPhosPdG2 (4.0 mg, 5.1 pmol) and 6-chloro-1-tosyl-1H-indole (156 mg,
0.509 mmol). The vial was brought into a glovebox, and charged with sodium
2/4,6-triflourobenzoate (150 mg, 0.756 mmol) and dioxane (2.5 mL). The 20 mL
vial was sealed tightly with a Teflon lined cap, brought out of the glove box and
heated to 140 °C. After 24 h, the reaction was cooled to rt. The reactions were
filtered through a short plug of silica gel and the silica gel was washed with EtOAc
(60 mL). The filtrate was concentrated under reduced pressure. Final purifica-
tion by column chromatography (10% EtOAc/hexanes) afforded compound
S3h as a crystalline white solid (171 mg, 84%). The reaction was run in duplicate
(179 mg, 87%). The average of 86% is reported. 'H NMR (500 MHz, CDCl;): §
8.20 (s, 1H), 7.85 (d, J = 8.5 Hz, 2H), 7.67 (d, ] = 3.7 Hz, 1H), 7.60 (d, ] = 8.1
Hz, 1H),7.32 (dd, ] = 8.1, 1.5 Hz, 1H), 7.23 (d, ] = 8.4 Hz,2H), 6.85 (dd, ] = 8.1,
8.1 Hz, 2H), 6.70 (d, ] = 3.7 Hz, 1H), 2.32 (s, 3H). *C{1H} NMR (126 MHz,
CDCl): § 161.8 (dt, Jcr = 249.4, 15.5 Hz), 160.4 (ddd, Jcr = 249.3, 14.6, 9.5
Hz), 145.2, 135.0, 134.7, 130.8, 129.9, 127.3, 127.0, 125.5, 124.5, 121.3, 115.6,
115.2 (td, Jer = 18.9, 4.5 Hz), 109.0, 101.0 - 100.3 (m), 21.5. F NMR (376
MHz, CDCL): §-108.78 (t,] = 5.9 Hz, 1F), -111.23 (d, ] = 6.1 Hz, 2F). IR (NaCl,
thin film, cm™): 3110, 2925, 1638, 1508, 1443, 1121, 1000. HRMS (ESI-TOF)
m/z: [M+Na]"* Calculated for CaHisF3NNaO2S*: 424.0590; Observed:
424.0597, m.p (°C): 146-148.

4-(2,4,6-trifluorophenyl)-1H-indole (3j): General procedure A for decar-
boxylative cross-coupling was followed with minor modifications. The reaction
was run with 10 mol % XPhosPdG2 (39.1 mg, 49.7 pmol) Final purification by
column chromatography (30% MTBE/1% TEA/hexanes) afforded compound
3j as an off-white waxy solid (67.2 mg, 54%). The reaction was run in duplicate
(68.0 mg, 54%). The average of 54% is reported. '"H NMR (500 MHz, CDCl;): §
8.19 (s, 1H), 7.47 (d, ] = 8.2 Hz, 1H), 7.34 (dd, ] = 8.0, 7.5 Hz, 1H), 7.24 (dd, ] =
3.3,2.4 Hz, 1H),7.21 (d,] = 7.3 Hz, 1H), 6.87 (dd, ] = 8.9, 7.4 Hz, 2H), 6.39 (s,
1H).®C{1H} NMR (126 MHz, CDCl;): § 162.0 (dt, Jcr = 248.5, 15.4 Hz),
160.7 (ddd, Jor = 249.6, 14.8,10.2 Hz), 135.9, 127.5, 124.8, 122.2, 121.8, 120.5,
114.0 (td, Jer = 20.9, 4.7 Hz), 111.7, 102.1, 100.8 — 99.9 (m). F NMR (376
MHz, CDCL): §-108.71 (d, ] = 6.1 Hz, 2F), -109.46 (t, ] = 5.9 Hz, 1F).IR (NaCl,
thin film, cm™): 3416, 3093, 1714, 1637, 1598, 1027. HRMS (ESI-TOF) m/z:
[M+H]* Calculated for C1sHoF3sNO": 248.0682; Observed: 248.0683.

7-(2,4,6-trifluorophenyl)-1H-indole (3i): General procedure B for decar-
boxylative cross-coupling was followed with minor modifications. The reaction
was run with 10 mol % XPhosPdG2 (40.1 m, 50.9 pmol). Final purification by
column chromatography (15% MTBE/1% TEA/pentane) afforded compound
3i as a thick oil (42.6 mg, 35%). The reaction was run in duplicate (45.7 mg,
36%). The average of 36% is reported."H NMR (500 MHz, CDCL): § 8.01 (s,
1H),7.77 (dd, ] = 5.7, 3.2 Hz, 1H), 7.28 — 7.22 (m, 3H), 6.89 (dd, = 8.7, 7.4 Hz,
2H), 6.67 (dd, ] = 3.3, 2.1 Hz, 1H). *C{1H} NMR (126 MHz, CDCl;): § 162.3
(dt, Jor = 249.7, 15.1 Hz), 160.7 (ddd, Jcr = 250.4, 15.0, 9.9 Hz), 134.3, 128.4,
124.5, 124.4, 121.6, 119.7, 111.8 (td, Jcr = 20.9, 4.8 Hz), 111.4, 103.1, 101.1 —
100.6 (m). "F NMR (376 MHz, CDCL): § -107.93 (d, ] = 6.2 Hz, 2F), -108.25
(t,J=6.2Hz, 1F). IR (NaCl, thin film, cm™): 3430, 3101, 2973, 1716, 1638, 1595,
1122. HRMS (ESI-TOF) m/z: [M+H]* Calculated for C14HoFsNO": 248.0682;
Observed: 248.0686.

5-(2,4,6-trifluorophenyl)-1H-indole (3e) General Procedure for Tosyl
Deprotection: A 20 mL vial was charged with indole 3¢ (357 mg, 0.890 mmol),
methanol (10 mL, 0.089 M), NaOH (S mL,2 M aq, 10 mmol), sealed, and heated
to 80 °C. After 2 h, the vial was cooled to rt and partially concentrated under re-
duced pressure (ca.1/3 original volume). The mixture was the diluted with water
(10 mL) and extracted with EtOAc (3 X 20 mL). The combined organic layers
were washed with brine (30 mL), dried (MgSOs4), filtered, and concentrated un-
der reduced pressure. Final purification by column chromatography (15%
EtOAc/1% TEA/hexanes) afforded compound 3e as a colorless solid (192 mg,
87%). "H NMR (400 MHz, CDCL): § 8.08 (s, 1H), 7.82 (s, 1H), 7.44 (d, ] = 8.4
Hz, 1H),7.33 (dd, ] = 8.4, 1.6 Hz, 1H), 7.22 (t, ] = 2.8 Hz, 1H), 6.87 (dd, ] = 8.0,
8.0 Hz,2H), 6.68 (t,J=2.7 Hz, 1H). *C{1H} NMR (126 MHz, CDCl;): § 161.4
(dt, Jer = 248.0, 15.6 Hz), 160.6 (ddd, Jcr = 248.1, 14.7, 9.9 Hz), 135.6, 128.0,
125.1, 1242, 122.8, 119.6, 116.2 (td, Jcr = 19.6, 4.7 Hz), 111.1, 103.0, 101.0 —
99.9 (m). ”F NMR (376 MHz, CDCL3): §-110.22 (t, ] = 5.7 Hz, 1F), -111.19 (d,
J=5.5Hz, 2F). IR (NaCl, thin film, cm™): 3421, 1596, 1460, 1424, 1016. HRMS
(ESI-TOF) m/z: [M+H]" Calculated for CisHoFsNO*: 248.0682 Observed:
248.0683, m.p. (°C): 112-114.



6-(2,4,6-trifluorophenyl)-1H-indole (3h): The general procedure for tosyl
deprotection was followed with minor modifications. The reaction was heated for
3 hand was conducted on a smaller scale (0.260 mmol). Final purification by col-
umn chromatography (15% EtOAc/1% TEA/hexanes) afforded compound 3h
as a crystalline white solid (64.2 mg, 70%). "H NMR (400 MHz, CDCL): § 8.16
(s, 1H),7.77 (d,] = 8.2 Hz, 1H), 7.47 (s, 1H), 7.30 - 7.19 (m, 2H), 6.82 (dd, ] =
8.1, 8.1 Hz, 2H), 6.64 (t, ] = 2.8 Hz, 1H). *C{1H} NMR (126 MHz, CDCl): §
161.4 (dt, Jor = 248.5, 15.6 Hz), 160.4 (ddd, Jor = 248.6, 14.8, 9.8 Hz), 135.6,
127.9, 125.3, 122.1, 121.7, 120.6, 116.0 (td, Jor = 19.4, 4.7 Hz), 113.0, 102.7,
100.8 - 100.0 (m). "’F NMR (376 MHz, CDCL3): § -110.02 (t, ] = 5.7 Hz, 1F), -
111.11 (d, ] = 5.6 Hz, 2F). IR (NaCl, thin film, cm™): 3419, 2092, 1595, 1434,
1018. HRMS (ESI-TOF) m/z: [M+H]* Calculated for C14HoFsNO": 248.0682;
Observed: 248.0673. m.p (°C): 149-153.

1-methyl-5-(2,4,6-trifluorophenyl)-1H-indole (3d): A 20 mL vial was
charged with indole 3e (86.3 mg, 0.249 mmol) and THF (1.2 mL, 0.2 M) and
cooledin an ice bath. The vial was charged with NaH (22.7 mg, 60 wt % in mineral
oil, 0.568 mmol). After 10 min, methyl iodide (0.05 mL, 0.80 mmol) was added
dropwise. The reaction was allowed to gradually warm to rt. After 18 h, the reac-
tion was quenched by pouring the mixture onto ammonium chloride (10 mL, sat.
aq.). The resulting solution was extracted with EtOAc (3 X 20 mL). The com-
bined organic layers were sequentially washed with NaOH (30 mL, 2M agq.),
brine (30 mL), dried (MgSOs4), filtered, and concentrated under reduced pres-
sure. Product 3d was isolated as a pink crystalline solid (91.2 mg, >99%) without
further purification. '"H NMR (400 MHz, CDCl;):§ 7.78 (s, IH), 7.46 (d, ] = 8.5
Hz, 1H),7.35 (dd, ] = 8.5, 1.5 Hz, 1H), 7.14 (d, ] = 3.2 Hz, 1H), 6.85 (dd, ] = 8.8,
7.7 Hz, 2H), 6.62 (dd, ] = 3.1, 0.9 Hz, 1H), 3.85 (s, 3H). *C{1H} NMR (126
MHz, CDCls): § 161.3 (dt, Jor = 247.8, 15.5 Hz), 160.6 (ddd, Jor = 248.1, 14.6,
9.8 Hz), 136.5, 129.6, 128.5, 123.7, 123.0, 119.1, 116.3 (td, Jcr = 19.6, 4.8 Hz),
109.2, 101.4, 100.6 — 100.0 (m), 32.9. ’F NMR (376 MHz, CDCl3): § -110.46
(t,J = 5.5 Hz, 1F), -111.18 (d, ] = 5.8 Hz, 2F). IR (NaCl, thin film, cm™): 2924,
2854, 1636, 1594, 1424, 1026. HRMS (ESI-TOF) m/z: [M+H]* Calculated for
CisH11F3N*: 262.0838; Observed: 262.0840. m.p.. (OC): 133-134.

1-(5-(2,4,6-trifluorophenyl)-1H-indol-1-yl)ethan-1-one (3f): A 20 mL
vial was charged with indole 3e (52.8 mg, 0.214 mmol), DCE (1 mL, 0.2 M), TEA
(0.05 mL, 0.4 mmol), acetic anhydride (0.0S mL, 0.6 mmol), and DMAP (6.0
mg, 49 y.mol). The vial was sealed and heated to 80 °C. After 3 h, the vial was
cooled to rt. The reaction was quenched by pouring the mixture onto water. The
resulting mixture was extracted with EtOAc (3 X 20 mL). The combined organic
layers were washed with brine (30 mL), dried (MgSO4), filtered, and concen-
trated under reduced pressure. Final purification by column chromatography
(15% EtOAc/hexanes) afforded compound 3f as a waxy white solid (56.6 mg,
92%)."HNMR (400 MHz, CDCl3): § 8.55 (d, J = 8.6 Hz, 1H), 7.65 (s, 1H), 7.50
-7.39 (m, 2H), 6.80 (dd, ] = 8.8, 7.8 Hz, 2H), 6.69 (d, ] = 3.5 Hz, 1H), 2.66 (s,
3H). BC{1H} NMR (126 MHz, CDCl3): § 168.7, 161.7 (dt, Jcr = 248.9, 15.6
Hz), 160.4 (ddd, Jcr = 249.0, 14.7, 9.7 Hz), 135.3, 130.5, 127.2, 125.9, 123.6,
122.8,116.5,115.2 (td, Jor = 19.4, 4.7 Hz), 109.2, 100.76 — 100.14 (m), 23.9.°F
NMR (376 MHz, CDCl;): §-109.3 (t, ] = 6.0 Hz, 1F), -111.3 (d, ] = 5.8 Hz, 2F).
IR (NaCl, thin film, cm™): 3108, 1709, 1636, 1504, 1171, 1025. HRMS (ESI-
TOF) m/z: [M+Na]* Calculated for CisH10FsNNaO*: 312.0607; Observed:
312.0618.

2,2-dimethyl-1-(5-(2,4,6-trifluorophenyl)-1H-indol-1-yl)propan-1-one
(3g): A 20 mL vial was charged with indole 3e (74.7 mg, 0.301 mmol), DCM (3
mL, 0.1 M), TEA (0.16 mL, 1.1 mmol), and cooled in an ice bath. The vial was
charged with DMAP (4.1 mg, 33 pmol) and PivCl (0.10 mL, 0.81 mmol) was
added dropwise. The reaction was allowed to gradually warm to rt. After 18 h, the
reaction was poured onto water and extracted with EtOAc (3 X 20 mL). The
combined organic layers were washed with brine (30 mL), dried (MgSOs4), fil-
tered, and concentrated under reduced pressure. Final purification by column
chromatography (10% EtOAc/hexanes) afforded compound 3g as a white solid
(67.4 mg, 67%). '"H NMR (400 MHz, CDCl;): § 8.63 (d, J = 8.7 Hz, 1H), 7.81
(d,] = 3.8 Hz, 1H), 7.65 (s, 1H), 7.43 (dq, ] = 8.7, 1.5 Hz, 1H), 6.80 (dd, ] = 7.9,
7.9 Hz, 2H), 6.69 (d, ] = 3.5 Hz, 1H), 1.56 (s, 9H). “C{1H} NMR (126 MHz,
CDCl): § 177.1, 161.6 (dt, Jer = 248.8, 15.4 Hz), 160.4 (ddd, Jcr = 249.0, 14.7,
9.7 Hz), 136.5,129.5,127.2,126.3, 123.5, 122.4, 117.3,115.3 (td, Jor = 19.3, 4.2
Hz), 108.3,100.7 - 100.1 (m), 41.3, 28.7. ’F NMR (376 MHz, CDCl3): § -109.5
(t,] = 5.8 Hz, 1F), -111.2 (d, ] = 5.8 Hz, 2F). IR (NaCl, thin film, cm™): 3105,
2977,1696, 1637, 1614, 1218. HRMS (ESI-TOF) m/z: [M+Na]* Calculated for
C1oH16F3NNaO™: 354.1076; Observed: 354.1077. m.p. (°C): 135-136.

Note: All other cross-coupled products were synthesized as described in our
previous report. The procedures and characterization data can be found there. **

B Computational Methods

Calculations were performed with Gaussian 16.% An ultrafine integration grid
and the keyword 5d were used for all calculations. Geometry optimizations of sta-
tionary points were carried out in the gas phase with the MO6L" functional with
BS1 (BS1 = the LANL2DZ” pseudopotential for Pd, the 6-31+G(d) basis set for
O and Cl, and the 6-31G(d) basis set for all other atoms). Frequency analyses
were carried out at the same level to evaluate the zero-point vibrational energy
and thermal corrections at 413.15 K. Gibbs free energy values are reported after
applying Cramer and Truhlar’s anharmonic correction to frequencies that are less
than 100 cm™.%* The nature of the stationary points was determined in each case
according to the appropriate number of negative eigenvalues of the Hessian ma-
trix. Forward and reverse intrinsic reaction coordinate calculations were carried
out on the optimized transition structures to ensure that the TSs indeed connect
the appropriate reactants and products.”*~”” Multiple conformations were consid-
ered for all structures, and the lowest energy conformations are reported. Single
point energy calculations were performed on the gas-phase optimized geometries
using the M06 functional with BS2 (BS2 = the SDD pseudopotential for Pd and
the 6-311++G(2d,p) basis set for all other atoms). Bulk solvent effects in 1,4-di-
oxane were considered implicitly in the single point energy calculations through
the CPCM continuum solvation model.”®
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