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ABSTRACT: Mechanism studies of a mild palladium-
catalyzed decarboxylation of aromatic carboxylic acids are
described. In particular, reaction orders and activation
parameters for the two stages of the transformation were
determined. These studies guided development of a catalytic
system capable of turnover. Further evidence reinforces that
the second stage, protonation of the arylpalladium inter-
mediate, is the rate-determining step of the reaction. The first
step, decarboxylative palladation, is proposed to occur through
an intramolecular electrophilic palladation pathway, which is supported by computational and mechanism studies. In contrast to
the reverse reaction (C−H insertion), the data support an electrophilic aromatic substitution mechanism involving a stepwise
intramolecular protonation sequence for the protodepalladation portion of the reaction.

■ INTRODUCTION
Aromatic Decarboxylation. One particularly difficult

transformation in organic synthesis is the decarboxylation of
aromatic systems. Often, the chemistry to form aromatic
systems takes advantage of the reactivity of carboxylates, which
frequently results in their incorporation as carboxylate
substituents in the products.1−7 In contrast to aliphatic systems,
the lack of stabilization in the intermediates formed during
aromatic decarboxylation renders the process unfavorable.
Thus, most aromatic decarboxylation methods available

utilize very forcing conditions. A classical procedure involves
heating the aromatic acid to high temperatures in the presence
of a strong protic acid.8,9 This method proceeds through ipso
protonation of the aromatic ring, requires temperatures of at
least 100 °C, and is generally limited to electron-rich systems.
Another classical procedure involves heating the aromatic acid
in the presence of a copper catalyst and quinoline.10−13 In this
case, decarboxylation occurs through coordination of the
copper catalyst to the aromatic ring, which helps stabilize the
resulting anion upon loss of carbon dioxide. While the copper/
quinoline method encompasses a broader substrate scope than
the strong protic acid protocol, high temperatures (>160 °C)
are required. A milder, indirect aromatic decarboxylation
method is the Barton protocol.14,15 In this three-step approach,
decarboxylation occurs via an initial ester formation from the
carboxylic acid, followed by decarboxylative radical bromina-
tion, and finally bromine hydrogenolysis. More recently, silver
salts have been shown to catalyze aromatic decarboxylation.
This method offers a broad substrate scope but is limited by
higher temperatures (120 °C).16−18 Also, microwave heating
and hydrothermal decarboxylations have been studied.19−23

However, these methods also require high temperatures,
generally >190 °C.

Decarboxylative Couplings. The ability of metal catalysts
to participate in decarboxylation processes provides a novel
avenue to arylmetal intermediates that can be utilized in a
variety of processes including Heck couplings, Ullman
couplings, and other cross-couplings.24−31 We were inspired
by a report from Myers et al.32−34 detailing a palladium
catalyzed decarboxylative Heck coupling under mild conditions.
Based on those initial reports, our group reported35 the mildest
and most efficient method for aromatic decarboxylation
utilizing catalytic amounts of a palladium complex. Herein,
we describe the full details of the development of the catalytic
aromatic protodecarboxylation as well as accompanying
mechanistic studies.

■ RESULTS AND DISCUSSION

Preliminary Studies. Our efforts toward a mild aromatic
decarboxylation reaction began by investigating the use of
hydride and proton sources to reduce the corresponding
arylpalladium intermediates formed during processes such as
the decarboxylative Heck coupling. Initial experiments rapidly
established that aromatic decarboxylation utilizing a palladium
species was viable. Specifically, naphthoic acid 1 underwent
clean decarboxylative palladation upon reaction with 1 equiv of
Pd(O2CCF3)2 and Ag2CO3 at 90 °C to afford arylpalladium
intermediate 2. Subseqent treatment of the intermediate 2 with
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dihydrogen at room temperature yielded the protodecarboxy-
lated product 3 in 99% yield (Scheme 1).

Application of these conditions to an advanced biaryl 4
provided a high yield (75%) of decarboxylated product 5
(Scheme 2). Moreover, no racemization of the biaryl axis was

seen under these milder conditions (90 °C vs 180 °C with Cu/
quinoline). By excluding silver carbonate from the reaction, the
yield of 5 was improved to 87%. In all cases when palladium
was excluded no decarboxylation was observed.
Palladium-Promoted Process. Hydride/Proton Sources.

In addition to requiring a full equivalent of palladium, the
conditions described above (Scheme 2) were incompatible with
more complex aryls. In particular, biaryls with more highly
functionalized C7,C7′-groups suffered from decomposition
under the reaction conditions. As a result, alternative hydrogen
sources were surveyed for the reduction of the arylpalladium
intermediate. To facilitate rapid screening, a GC assay was
developed with model substrate 6 (eq 1). The results are
summarized in Table 1.

Under the initial conditions of a dihydrogen atmosphere,
conversion to product was sluggish (43% after 3 h; Table 1,
entry 1). Alkoxides can act as hydride sources via a β-hydride
elimination mechanism in the reduction of aryl halides with
palladium.36 When sodium methoxide or potassium methoxide
generated in situ from potassium carbonate and methanol was
used for the reduction of 7, approximately 80% conversion was
achieved (entry 2). As these results were encouraging, other
hydride sources for the reduction of the arylpalladium
intermediate were investigated.

Hydrosilanes are common, mild hydride sources for the
reduction of aryl halides and were surveyed in the
protodepalladation.37−39 Good conversion to product (47−
77%) was observed with a wide range of hydrosilanes (Table 1,
entries 3−5). In general, the steric hindrance of the hydrosilane
displayed a minimal effect on the reduction of the arylpalladium
intermediate. Increasing the amount of hydrosilane had the
greatest benefit in the reaction and improved the conversion
from 77 to 82% (Table 1, entry 4). Even higher conversions
(>95%) could be achieved using polymethylhydrosiloxane
(PMHS) in combination with KF (entry 6).
Conventional hydride reagents were also effective in the

reduction of 7. For example, sodium borohydride and a
BH3•THF complex gave high conversion to the protodepalla-
dated product (83−85%, Table 1, entries 7 and 8). A variety of
other hydride sources have been used in the literature for the
reduction of aryl halides and triflates and were surveyed
here.40−42 The use of sodium formate in refluxing methanol
furnished 64% conversion (entry 9). Employing a 5% DMSO−
DMF solvent mixture with sodium formate instead of MeOH
increased the conversion to 84% without additional heating.
Ammonium formate in refluxing methanol also facilitated
decarboxylation and gave a moderate conversion to product
(65%, entry 10). Magnesium metal and ammonium acetate in
methanol43 has been proposed to mediate the reduction of aryl
triflates through a radical pathway and also gave a high
conversion in the decarboxylation reaction (71% conversion,
entry 11).
The especially mild nature of the palladium promoted

decarboxylation combined with the array of usable reductants
allows these processes to be compatible with complex
substrates. For example, a number of these conditions proved
to be suitable for the decarboxylation of advanced intermediates
in the total syntheses of hypocrellin A,44,45 (+)-phleichrome,46

and other perylenequinone natural products.47,48

From the results in the palladium promoted reactions, it was
clear that a number of reducing agents could be employed to
cleanly and mildly reduce the arylpalladium species (i.e., 7) to

Scheme 1. Preliminary Palladium-Promoted
Decarboxylation

Scheme 2. Decarboxylation in the Absence of Ag2CO3

Table 1. Hydrogen Sources in the Reduction of the
Arylpalladium Intermediate (eq 1)a

entry H source (equiv) solvent
T

(°C)
time
(h)

convb

(%)

1 H2 (1 atm) 5% DMSO−DMF rt 3 43
2 NaOMe (5.0) 20% DMSO−

DMF
90 24 81 (79)c

3 HSi(Et)3 (1.4) 5% DMSO−DMF rt 24 59
4 HSi(i-Pr)3 (1.4) 5% DMSO−DMF rt 24 77 (82)d

5 HSi(Ph)3 (1.4) 5% DMSO−DMF rt 24 65
6 PMHS/KF (1.4) 5% DMSO−DMF rt 0.5 95
7 NaBH4 (2.0) 5%DMSO−DMF rt 2 85
8 BH3·THF (2.0) 5%DMSO−DMF rt 2 83
9 NaCO2H (2.0) MeOH 70 5 64 (84)e

10 NH4CO2H (2.0) MeOH 70 24 65
11 Mg/NH4OAc

(1.2)
MeOH 70 5 71

aReaction conditions: initial concentration [6] = 0.11 M and
[Pd(O2CCF3)2] = 0.13 M, 3.0 mL of solvent, 70 °C for 1 h, then
hydrogen source at specified temperature. bGC monitoring of the
formation of 8 with biphenyl as internal standard. c79% conversion
after 24 h with K2CO3/MeOH. d82% conversion after 24 h with 3
equiv of HSi(i-Pr)3.

e84% conversion after 24 h with 5% DMSO−
DMF.
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the corresponding arene (see Table 1). Presumably, an
arylpalladium hydride intermediate forms, which undergoes
reductive elimination to generate the product and palladi-
um(0). Attempts to add an oxidant to reoxidze the
palladium(0) to palladium(II) were unsuccessful. For example,
20 mol % of palladium(II) trifluoroacetate with sodium
methoxide, sodium formate, or triisopropylsilane with (Cu-
(O2CCF3)2) provided <10% of the desired product. Indeed, all
of the conditions resulted in formation of palladium(0) and the
rapid production of palladium black. Therefore, the develop-
ment of conditions that would permit palladium reoxidation in
the presence of such reducing agents seemed problematic.
However, an a key observation from a control reaction revealed
that the protodecarboxylation occurs very slowly in presence of
Pd(O2CCF3)2 alone, without any reducing agent. With the
prospect of a decarboxylation that did not require a change in
oxidation state of palladium, efforts turned to understanding
this process further.
Mechanistic Studies. The overall reaction process

proposed for the decarboxylation with 1 equiv of Pd(O2CCF3)2
alone is comprised of two fundamental parts (Scheme 3). First,

the aromatic acid is transformed by means of a palladium(II)
source into an arylpalladium(II) species accompanied by the
release of carbon dioxide (6 to 7). Second, the arylpalladium
intermediate undergoes protonation to yield the protodecar-
boxylated product (8). Since the second stage of the
decarboxylation reaction occurs very slowly without the
addition of exogenous acid, intermediate 7 can be generated
in pure form, and the two stages of the reaction can be analyzed
separately. By further understanding each of the steps, it should
be possible to regenerate the initial palladium(II) species to
create a decarboxylation process catalytic in palladium.
Decarboxylative Palladation. In the first stage of the

reaction, referred to as decarboxylative palladation, two steps
occur. The palladium catalyst initially associates with two
DMSO ligands and undergoes carboxyl exchange of one of the
trifluoroacetate ligands with the aromatic acid to form an aryl
carboxylate palladium species (9, Scheme 4). This aryl
carboxylate palladium intermediate (9) forms very rapidly at
ambient temperature, but heating is necessary to promote
decarboxylative palladation. Notably, the leaving group on
palladium has little effect on the facility of this process, since
adducts form equally rapidly from Pd(OAc)2 or Pd(O2CCF3)2.
Coordination of the o-methoxy group as discussed later in this
manuscript may contribute to ease of this exchange. To initiate
the subsequent decarboxylation, dissociation of a DMSO ligand
has been proposed.34 This event allows formation of a
transition structure incorporating a square planar palladium(II).
Association of the electrophilic palladium center with the

nucleophilic arene carbon generates an intermediate that
undergoes extrusion of carbon dioxide to form arylpalladium
intermediate 7.

Decarboxylative Palladation Kinetics. The reaction of 9 to
7 could be conveniently monitored by 1H NMR spectroscopy
in DMSO-d6. Treatment of 6 with 1.2 equiv of palladium(II)
trifluoroacetate, at ambient temperature and in the absence of
added acid resulted in rapid carboxyl exchange to yield aryl
carboxylate palladium species 9. Upon heating to 70 °C, 9
underwent clean decarboxylative palladation to afford complete
conversion to the arylpalladium intermediate 7 (Scheme 4)
within one hour as illustrated in Figure 1a. Protodepalladation
was slow under these conditions resulting in negligible
formation of 8 (≤3%). Kinetic analysis (Figure 1b) revealed
that decarboxylative palladation is a first-order process with
respect to 9 (k = 8.8 × 10−4 s−1, t1/2 = 13 min) in agreement
with prior reports.35,49

Acid Effect on Decarboxylative Palladation. As illustrated
in Scheme 4, 1 equiv of trifluoroacetic acid is released upon
ligand exchange of the aromatic acid substrate with palladium-
(II) trifluoroacetate. In order to determine what effect, if any,
this released acid might have on the course of the reaction, the
rate of the decarboxylative palladation was measured with
added acid. Due to the volatility of trifluoroacetic acid under
the reaction conditions (70 °C), methanesulfonic acid was used
as an acid source for this measurement. As shown in Figure 2,
the decarboxylative palladation of 6 was five times slower when
10 equiv of methanesulfonic acid were added (k = 1.7 × 10−4

s−1, t1/2 = 1.2 h) compared to when no added acid was used (k
= 8.8 × 10−4 s−1, t1/2 = 13 min). Thus, added acid inhibits the
decarboxylative palladation process.
The inhibition of the decarboxylative palladation step by acid

could occur in several ways. For example, extra acid could
protonate 9, coordinate to 9, or displace a DMSO ligand from
9. Any of these changes could alter the inherent decarbox-
ylation rate. Alternatively, added acid may affect the equilibrium
that gives rise to 9 (Scheme 5). If the acid source has a strong
affinity for palladium, then the effective concentration of 9 may
be much lower giving rise to slower rates.
The equilibrium in Scheme 5 was monitored using 1H NMR

spectroscopy.50 Addition of exactly 1 equiv of palladium(II)
trifluoroacetate to compound 6 results in the formation of
arylpalladium carboxylate species 9, as well as a small amount of
bisarylpalladium carboxylate species 10.34 Upon treatment with
10 equiv of trifluoroacetic acid, the equilibrium shifts back in
favor of the carboxylic acid (6). Therefore, in the presence of
added acid the effective concentration of 9 is decreased and
could account for the slower rate of decarboxylative palladation
found in Figure 2.

Decarboxylative Palladation Eyring Studies. A dramatic
increase in the decarboxylative palladation reaction rate

Scheme 3. Steps in the Palladium-Mediated Aromatic
Decarboxylation

Scheme 4. Decarboxylative Palladation
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occurred as the temperature was increased from 50 °C (k = 7.0
× 10−5 s−1, t1/2 = 2.8 h) to 110 °C (k = 2.0 × 10−2 s−1, t1/2 = 35
s). At all temperatures, the disappearance of adduct 9 was
found to occur via a first-order process. Even at 70 °C, the
decarboxylative palladation was essentially completed within 1
h indicating that this portion of the overall aromatic
protodecarboxylation (stage 1, Scheme 3) is facile and not
overall rate-determining.
The application of transition state theory51 afforded good

linear correlation (Figure 3) and indicated that the mechanism
remained unchanged over this range of temperatures. From this
data the activation enthalpy (ΔH⧧ = 23 kcal/mol) and
activation entropy (ΔS⧧ = −6.7 cal/K·mol) for the
decarboxylation of 9 to 7 were determined. At 298 K, the
free energy of activation (ΔG⧧) was determined to be 25 kcal/
mol.
Mechanism of Decarboxylative Palladation. Scheme 6

depicts some possible mechanisms for the decarboxylation of
arylpalladium carboxylate 9 to arylpalladium 7. Insertion into
the carboxylate CO bond to generate an acyl palladium species
(path A, Scheme 6) is improbable since CO2 rather than CO is

generated in the related decarboxylative Heck coupling.32

Protonation of the aromatic ring of arylpalladium carboxylate 9
followed by expulsion of CO2 (path B, Scheme 6) is also
unlikely as arylpalladium 7 would require rearomatization
through loss of hydrogen. However, this cation intermediate
has been shown (see below) to favor rearomatization through
loss of palladium, which would not give rise to the isolated
product 7.
Path C includes an intramolecular electrophilic palladation of

the arylpalladium carboxylate resulting in loss of aromaticity via
TS1 followed by a concerted decarboxylation rearomatization
(TS2). Subsequent general base or intramolecular assisted
proton transfer would yield the product. There is significant
support for electrophilic palladation in other palladium
processes.52−55 Path C begins with carboxyl exchange of the
substrate with a trifluoroacetate ligand to yield an intermediate
arylpalladium carboxylate (9), which correlates with 1H NMR
observations.34 The initial arylpalladium carboxylate is in
equilibrium between several forms (9, 11, 12), and it is most
likely that the nonreactive chelated form (11) is the most
stable. The carbonyl must become nearly perpendicular to the
arene (i.e., 12) resulting in a loss of conjugation via an η1 or η2

complex.56

Intermolecular electrophilic palladation (path D) would not
require a perpendicular orientation of the carboxylate to the
arene. The rate-determining step for path D would likely be the
electrophilic palladation that also results in loss of aromaticity.
1H NMR evidence indicates that ligand exchange between
substrate and the palladium(II) trifluoroacetate to 9 is fast and
favorable (see Scheme 5) which points against path D.
However, there are many examples where observable species
do not lie along the actual reaction path.57 Furthermore, the
required palladium cation (LnPd(O2CCF3)

+) is known to form
under these conditions.58−61 Overall our experimental obser-

Figure 1. Decarboxylative palladation as monitored by 1H NMR spectroscopy (substrate = 9). Reaction conditions: initial concentration [6] = 0.09
M and [Pd(O2CCF3)2] = 0.11 M, 0.75 mL of DMSO-d6, 70 °C. Equation of the line for b is y = −3.125x − 2.540. R2 = 0.973.

Figure 2. Acid effect on the decarboxylative palladation of 6 as
monitored by 1H NMR spectroscopy. ■: [6] = 0.08 M, [Pd-
(O2CCF3)2] = 0.10 M, CH3SO3H (10 equiv), 0.75 mL of DMSO-d6,
70 °C. ⧫: [6] = 0.09 M, [Pd(O2CCF3)2] = 0.11 M, 0.75 mL of
DMSO-d6, 70 °C.

Scheme 5. Effect of Trifluoroacetic Acid on the Ligand
Exchange

Figure 3. Eyring Plot for decarboxylative palladation. Reaction
conditions: initial concentration [6] = 0.09 M and [Pd(O2CCF3)2]
= 0.11 M, 0.75 mL of DMSO-d6 at four different temperatures (50, 70,
90, and 110 °C). Equation of the line is y = 11520x − 3.345. R2 =
0.999.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo400222c | J. Org. Chem. XXXX, XXX, XXX−XXXD



vations and computational efforts described below support
mechanism C as the operative pathway.
In pathway C, loss of aromaticity in TS1 would lead to a

large activation enthalpy. However, TS2 would also be expected
to have significant activation enthalpy due to the multiple bond-
forming and bond-breaking events. Therefore, the measured
calculated activation enthalpy (ΔH⧧ = 23 kcal/mol) is
consistent with either transition state (TS1 or TS2) being
the rate determining step.
Decarboxylative Palladation Hammett Study. A Hammett

study was investigated to distinguish between TS1 and TS2 of
path C.62 From a Hammett study, the reaction constant, ρ, can
be determined using σpara parameters from Anslyn and
Dougherty; a negative ρ value would indicate charge buildup
in the transition state.51 The rate of decarboxylative palladation
with para-substituted benzoic acid derivatives (6a−c, R = H,
Me, or Cl) was measured and the reaction constant, ρ, was
determined to be −1.87 (Figure 4). Similar reaction constants
have been observed in other systems that undergo electrophilic
palladation mechanisms like TS1.55 This negative ρ value is
consistent with the formation of a zwitterionic species (13,
Scheme 6). In contrast, TS2 involves a loss of positive charge
on the aromatic ring compared to 13 resulting in a positive ρ
value if TS2 was rate-determining.63 In addition, decarbox-
ylative palladation occurred at room temperature when the very
electron-rich 2,4,6-trimethoxybenzoic acid (6d, R = OMe) was
treated with palladium(II) trifluoroacetate in DMSO-d6 (74%
conversion after 4 h, k = 1.3 × 10−4 s−1, t1/2 = 1.5 h), again
supporting the electrophilic palladation TS1 proposed above as
the rate-determing step.
Comparison of the experimentally determined activation

entropy (−6.7 cal/K·mol) with estimated entropies for TS1
and TS2 is also consistent with the results above. TS1 has no
molecularity change, but the transition state is organized, and
an entropically disfavored process is anticipated (∼ −10 cal/

K·mol).51 Further, TS1 leads to a cationic intermediate
suggesting some organization of DMSO in the outer sphere
of the transition state. However, work by Suga and later
Privalov has shown the energy of solvent reorganization for
DMF and DMSO to be minimal for aryl cationic and palladium
mediated processes.64,65 TS2 gives rise to two molecules from a
single molecule precursor leading to a large favorable entropy
that would be offset to some extent by the disfavorable entropy
associated with the organized transition state (∼10 cal/
K·mol).51 As discussed above, solvent reorganization should
not play a major role in mechanism TS2 and would not change
the estimated entropy.

Scheme 6. Potential Decarboxylative Palladation Mechanisms

Figure 4. Hammett plot of decarboxylative palladation. The
appropriate substrate was mixed with Pd(O2CCF3)2 (1.2 equiv) in
0.75 mL of DMSO-d6 and heated to 50 °C with 1H NMR monitoring.
Reaction conditions: initial concentration [6a−c] = 0.066 M and
[Pd(O2CCF3)2] = 0.079 M, 0.75 mL of DMSO-d6. Equation of the
line: y = −1.867x + 0.0029. R2 = 0.999.
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Decarboxylative Palladation Computational Studies.
To gain insight at the mechanism, computations were carried
out using B3LYP/6-31G(d) (SDD for Pd) in dichloromethane
with a CPCM solvation model.66 As shown in Figure 5, the
dissociation of DMSO to form intermediate 12 is uphill in
energy by 9.5 kcal/mol, which then forms complexed
intermediate 13 with an overall barrier of 12.9 kcal/mol.
Subsequent C−C cleavage via TS2 proceeds with a barrier of
16.4 kcal/mol leading to square planar intermediate. Release of
CO2 to 7 is expected to drive the reaction forward.67,68

Figure 5 indicates that TS2 is the rate-determining step;
however, the energy difference is very small and other methods
explored (B3PW91/SDD-gas) also predict TS1 to be
competitive and in some cases even the highest energy
transition state (see the Supporting Information). The entropic
cost associated with TS1 and TS2 (with respect to 12) is −3.0
and −0.7 cal/K·mol, respectively. Thus, the activation entropy
value for TS1 is in better agreement with our experimentally
determined activation entropy value (−6.7 cal/K·mol).
Comparison of Figure 5 with work done by Liu67and Su68 on
monosubstituted benzoic acids undergoing decarboxylative
palladation shows that bis-ortho-substituted arenes decarbox-
ylate with lower ΔG⧧ and that the ipso-carbon palladium bond
is much shorter promoting intramolecular electrophilic
palladation of 13 before decarboxylation. Overall, it appears
that pathway C is operative in the decarboxylative palladation.
For the electron-rich systems here, the bulk of the evidence
supports TS1 from path C as the rate-determining step, but the
rate-determination will shift from TS1 to TS2 depending on
the substitution of the ring.
Protodepalladation. The second stage of the decarbox-

ylation reaction (stage 2, Scheme 3) entails cleavage of the aryl-
palladium bond via a protonation event (eq 2). This

protodepalladation occurs when the substrate 6 is treated
with 1.2 equiv of palladium(II) trifluoroacetate (Scheme 3); no
further acid or hydride source is necessary. From the balanced
chemical reaction, it is clear that the proton must arise from the
original carboxylic acid hydrogen. For this step of the overall
process, the proton source is generated in the very first ligand
exchange step from trifluoroacetic acid (6 to 9 in Scheme 4).

Protodepalladation Kinetics. Compound 7 can be con-
veniently generated by heating aromatic acid 6 with palladium-
(II) trifluoroacetate in DMSO-d6 for 1 h at 80 °C (stage 1,
Scheme 3). With this intermediate in hand, we set out to
investigate the protonation process in detail with the aim of
developing an aromatic protodecarboxylation process catalytic
in palladium. Heating of 7 that had been generated in situ in
DMSO-d6 resulted in very slow formation of protodepalladated
product 8 (32% conversion after 18 h at 80 °C). Reasoning that
the proton source (trifluoroacetic acid, bp 72 °C) was
volatilizing into the headspace of the reaction vessel, we
undertook further studies with a less volatile acid source. Thus,
excess methanesulfonic acid was added to in situ derived 7, and
the formation of the product 8 was monitored by gas
chromatography (GC) and 1H NMR spectroscopy.
Even with added acid, the process was relatively slow (∼40%

complete after 12 h at 65 °C). In order to probe the reaction
order of this process further, 1H NMR (Figure 6 and Figure 6b)
and GC analyses50 were undertaken over at least 3 half-lives.
These experiments yielded almost identical results (1H NMR: k
= 1.3 × 10−5 s−1, t1/2 = 14 h; GC: k = 1.4 × 10−5 s−1, t1/2 = 14
h) and definitively indicated that protodepalladation is a first-
order process with respect to arylpalladium intermediate 7.69

Acid Effect on Protodepalladation. Since it was also
prudent to understand the role of acid in the final step of the
decarboxylation reaction, a 1H NMR experiment was
conducted to examine the effect of acid concentration in the
conversion of 7 to 8. Protonation occurred much slower when
1 equiv (k = 5.3 × 10−7 s−1, t1/2 = 365 h) or 3 equiv of
methanesulfonic acid was added (k = 3.3 × 10−6 s−1, t1/2 = 58
h) as opposed to the standard 10 equiv (k = 1.3 × 10−5 s−1, t1/2
= 14 h). While this data appeared to fit a first order dependence
in acid, a Lineweaver−Burk plot70 indicated that saturation

Figure 5. Relative free energies (kcal/mol; 298.15 K) calculated using B3LYP/6-31G(d) (SDD for Pd) in dichloromethane (CPCM;UFF). Selected
distances are in angstroms.
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behavior was possible.50 Unfortunately, experiments to confirm
saturation behavior with higher concentrations of acid were
unfruitful due to broadening in the 1H NMR spectra. In order
to distinguish between introduction of acid in the depalladation
transition state (general acid, first order in acid) vs protonation
prior to depalladation (saturation in acid), the acid concen-
tration was examined with substoichiometric amounts of
palladium (see Catalytic Decarboxylation section) and
saturation behavior was confirmed.
Effects of Solvent on Reaction Rate. Numerous solvents

were screened during the optimization of the reaction, and a 5%
DMSO−DMF mixture proved superior to either DMSO or
DMF alone, as had been observed by Myers for the
decarboxylative Heck coupling (2-fold increase with 5%
DMSO−DMF vs DMSO).71 This result is surprising as the
rate-determining step is different for this process compared to
the decarboxylative Heck reaction34 (protodepalladation vs
decarboxylative palladation). Furthermore, the protodepallada-
tion was subject to a more dramatic decrease in conversion
when DMSO was used in place of the 5% DMSO−DMF
mixture. With 5% DMSO−DMF (k = 3.5 × 10−4 s−1, t1/2 = 33
min), protodepalladation occurs 24 times faster than in DMSO
alone (k = 1.4 × 10−5 s−1, t1/2 = 14 h) (Figure 7).

Evidently, the rate-determining protodepalladation is much
more sensitive to the solvent composition than the
decarboxylation step that is rate-determining in the decarbox-
ylative Heck coupling.34 Since DMSO is known to act as a
ligand for palladium, the presence of a small amount of DMSO
clearly allows the formation of a new palladium species with
superior reactivity. On the other hand, the use of DMSO as the
singular solvent likely saturates the palladium center thereby
impeding access of ligands/substrates necessary for the reaction

to proceed.72 A scenario consistent with these results is
outlined in Scheme 7. If coordination of a second molecule of

acid is necessary for protodepalladation to occur (see below),
then excess DMSO would act as an inhibitor of the reaction. By
the same argument, the addition of further acid will increase the
concentration of the key precursor 14 thereby accelerating the
reaction. In such a preequilibrium (specific acid catalysis), the
acid species should exhibit saturation kinetics while DMSO will
display more complex behavior consistent with that observed
above (slower rates above and below the critical threshold
concentration needed to allow coordination of one DMSO
ligand to palladium).

Protodepalladation Eyring Studies. The effect of temper-
ature on the rate-determining protodepalladation step was also
determined (Figure 8). Arylpalladium intermediate 7 was
preformed by heating substrate 6 with 1.2 equiv of palladium-
(II) trifluoroacetate. At this point, 10 equiv of methanesulfonic
acid were added to initiate the protodepalladation and the
reaction was monitored by 1H NMR spectroscopy at various
temperatures. In all cases, clean formation of product 8 was
observed via a first-order process. The protodepalladation step
was rate-determining at all temperatures, and in practical terms,
a temperature of at least 70 °C (k = 2.4 × 10−5 s−1, t1/2 = 7.9 h)
was required to achieve a reasonable rate of reaction.
An Eyring analysis provided ΔH⧧ (26 kcal/mol) and ΔS⧧

(−4.6 cal/K·mol) values for the protodepalladation of 7 to 8.
Therefore, at 298 K, the free energy of activation (ΔG⧧) was
found to be 27 kcal/mol. As expected, these results reinforce
protonation of the arylpalladium intermediate (7) as the rate-

Figure 6. Protodepalladation as monitored by 1H NMR spectroscopy (substrate = 7). Compound 6 was mixed with Pd(O2CCF3)2 in 0.75 mL of
DMSO-d6 and heated to 80 °C for 1 h. After cooling, a 1H NMR spectrum was taken, CH3SO3H was added, and 1H NMR monitoring was
continued at 65 °C. Reaction conditions: initial concentration [6] = 0.08 M and [Pd(O2CCF3)2] = 0.10 M, 10 equiv of CH3SO3H, 0.75 mL of
DMSO-d6. Equation of the line for b is y = 0.048x − 2.424. R2 = 0.998.

Figure 7. Solvent effect on the protonation of 7 as monitored by GC:
⧫, DMSO; ■, 5% DMSO−DMF. Reaction conditions: initial
concentration [6] = 0.10 M and [Pd(O2CCF3)2] = 0.12 M,
CH3SO3H (10 equiv), 65 °C.

Scheme 7. Effect of DMSO on Protonation Intermediates/
Transition States
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determining step of the overall decarboxylation reaction
(decarboxylative palladation: ΔG⧧

298 = 25 kcal/mol vs
protodepalladation: ΔG⧧

298 = 27 kcal/mol). On the basis of
the relatively small differences between the two barriers, it is
entirely possible that the rate-determining step may shift for
different substrates. As we detail in the substrate scope below, it
became apparent di-o-methoxy substitution on the arene
carboxylic acid provides the most efficient reaction and that
noncoordinating ortho-substituents are disfavorable overall.
Even though such groups would facilitate protodepalladation

by relief of strain, the initial decarboxylative palladation
becomes less favorable.

Mechanism of Protodepalladation. A number of possible
mechanisms can be proposed to account for the protonation
reaction (Scheme 8). In the first pathway (A), an
intermolecular protonation of the aromatic ring occurs in a
concerted manner through either a four- (A1) or six-membered
(A2) transition state.
In a second pathway (B), the protonation occurs in a

stepwise intermolecular manner, yielding a Wheland inter-
mediate73 15. Then, loss of palladium and rearomatization
affords the final product.
Alternatively, protonation could occur through an intra-

molecular pathway (C or D). In these pathways, formation of a
protonated palladium species is proposed via coordination of a
further trifluoroacetic acid molecule (14a or 14b) or through a
proton transfer (14c or 14d). In path C, a concerted
intramolecular protonation of the aromatic ring through a
four- (C1) or six-membered (C2) transition state would yield
the product and a palladium species.
Path D would also occur through a precoordinated

intermediate (14a−d), but in a stepwise intramolecular fashion.
In this case, a four- (D1) or six-membered (D2) intramolecular
protonation transition state would yield the same protonated
intermediate 15 from pathway B. This Wheland intermediate
(15) could subsequently undergo rearomatization in a similar
manner to afford the protodepalladated product.

Figure 8. Eyring plot for protodepalladation. Compound 6 was mixed
with Pd(O2CCF3)2 in 0.75 mL of DMSO-d6 and heated to 80 °C for 1
h. After cooling, a 1H NMR spectrum was taken, CH3SO3H was
added, and 1H NMR monitoring was continued at four different
temperatures (50, 70, 90, and 110 °C). Reaction conditions: initial
concentration [6] = 0.08 M and [Pd(O2CCF3)2] = 0.10 M, 10 equiv
of CH3SO3H, 0.75 mL of DMSO-d6. Equation of the line is y =
−12885x − 2.337. R2 = 0.992.

Scheme 8. Potential Protodepalladation Mechanisms
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Distinguishing between mechanisms A or B vs C or D can be
achieved by considering the effect of acid on protodepallada-
tion. Paths A and B should display first-order kinetics with
respect to acid since the introduction of acid occurs in the
transition state (general acid catalysis). As stated previously, it
has been shown that acid exhibits saturation behavior in the
protodepalladation step, so neither path A nor B is likely to be
the protodepalladation mechanism. On the other hand, paths C
and D would require the formation of the precoordinated
intermediate, 14a−d, in order to achieve protodepalladation
(specific acid catalysis) and is consistent with the observed
saturation behavior of acid.
While this type of protonation has not been studied in the

literature,74 the reverse reaction (C−H activation) has been
widely explored.75−82 In the reverse reaction (C−H activation),
five types of mechanisms have been proposed:83−89 oxidative
insertion,84,88 carbopalladation (Heck-like),83 electrophilic
aromatic substitution (SEAr),

53,55 σ-bond metathesis (con-
certed metalation deprotonation),86,87,89 and intermolecular
proton abstraction (SE3).

86,87,89 Both the oxidative insertion
and carbopalladation mechanisms have received the least
support in the literature and do not mirror the proposed
mechanisms for protodepalladation. Since intermolecular paths
A and B have been discounted based on saturation behavior
with acid, the reverse of the intermolecular proton abstraction
mechanism is also unlikely to be operative in the proto-
depalladation.
Conversely, σ-bond metathesis is strongly supported and

more likely than SEAr for C−H insertion. The reverse of σ-
bond metathesis would closely resemble pathway C in that a
concerted transition state is taking place. However, an
electrophilic aromatic substitution type mechanism requires
the formation of a Wheland intermediate in the transition state,
which is similar to pathway D. A Hammett study62 was used to
further distinguish between pathways C and D (see below
following benzoic acid substrate scope). Based on the negative
ρ value of the Hammett study, it is likely that protodepalla-
dation proceeds through a transition state with positive charge
buildup;51 this finding is most consistent with path D. While it
is difficult to discern between paths D1 and D2, most of the
experimental data in the literature for C−H activation
mechanisms favor six-membered transition states as opposed
to four-membered transition states.85,87

The results above are consistent with protodepalladation
occurring by pathway D, stepwise intramolecular protonation.
Comparison of the experimentally determined activation
entropy (−4.6 cal/K·mol) with estimated entropies for the
transition states of pathway C and D are also consistent with
the results above. In pathway C, the formation of two product
molecules from a single intermediate is entropically highly
favorable. A high degree of organization required in the
transition state, including solvation, would offset this trend,
leading to a somewhat entropically favored (∼10 cal/K·mol)
process overall.51 In pathway D, the transition states here differ
from those of paths C1 or C2 in that D1 and D2 retain the
carbon−palladium bond and are unimolecular. Overall, the
activation entropy for paths D1 and D2 should be disfavorable
due to rigidity and solvent organization (∼−10 cal/K·mol).51

Catalytic Decarboxylation. Analysis of the Reaction
Cycle. From the palladium promoted results in Table 1, it was
clear that a number of reducing agents could be employed to
cleanly and mildly effect an overall protodecarboxylation
reaction. However, these reagents resulted in reduction of the

palladium during the protodepalladation step. Since palladium-
(II) is required for the initial decarboxylative palladation step,
reoxidants such as Cu(O2CCF3)2 were studied, but failed to
close the catalytic cycle. Thus, it was necessary to identify a
hydrogen source that would be compatible with the
decarboxylative palladation.
Based on the above mechanism studies, we concluded that a

version catalytic in the metal species should be accessible
without using a reducing agent as the hydrogen source. The
overall reaction cycle comprised of the two stages (see Scheme
3) studied above is illustrated in Scheme 9. The first step is an

equilibrium carboxyl exchange of a trifluoroacetate ligand with
the aromatic acid (6) to form the aryl carboxylate palladium
species (9). Next, dissociation of a DMSO ligand triggers a
electrophilic intramolecular palladation resulting in loss of
carbon dioxide. The resultant arylpalladium intermediate (7)
can react with the trifluoroacetic acid released during the first
ligand exchange. Rate-limiting proton transfer through a six-
membered transition state results in a Wheland intermediate
that undergoes depalladation to yield the decarboxylated
product (8) and regenerates the active palladium catalyst.
The key points are that trifluoroacetic acid is released and
consumed during the reaction and that there is no apparent
change in palladium oxidation state.
In fact, reaction does occur with catalytic palladium(II)

trifluoroacetate alone, but very slowly (34% conversion after 24
h with 20 mol % of Pd(O2CCF3)2 at 65 °C in 5% DMSO−
DMF). If the above analysis is correct, then acceleration of the
rate-determining second stage of the reaction is key to creating
a useful catalytic process. As discussed above, the first stage of
the reaction was inhibited by acid while the second stage
appeared to exhibit saturation kinetics with acid. To determine
if acid saturation kinetics occurs in the rate-determining step
under catalytic conditions, reaction of 6 was monitored by GC
with 0.15 equiv of palladium(II) trifluoroacetate at several
different trifluoroacetic acid concentrations. As expected, a first
order dependence in acid is not observed at high concen-
trations (Figure 9a) and the rate of the reaction remains nearly
constant. A Lineweaver−Burk plot70 (Figure 9b) confirmed

Scheme 9. Catalytic Cycle for the Aromatic Decarboxylation
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that saturation in acid is occurring, which further supports the
proposed mechanism for protodepalladation (Scheme 8,
pathway D). In general, addition of modest amounts of
exogenous acid resulted in an overall rate enhancement.
Acid Sources with Catalytic Pd. Since the addition of

modest amounts of trifluoroacetic acid provided a significant
rate enhancement in the decarboxylation reaction, a variety of
protic acids (10 equiv) were screened. Using 20 mol % of
palladium(II) trifluoroacetate in 5% DMSO−DMF at 70 °C,
the protodecarboxylation of 6 was assessed by GC (Table 2).
As expected, trifluoroacetic acid gave high conversion to
decarboxylated product (86%, entry 1) after only 24 h. Longer
reaction times yielded only slightly higher conversion.

Hydrochloric acid, which has a lower pKa than trifluoroacetic
acid but cannot form a 4- or 6-membered transition state (path

D, Scheme 8, D1 or D2) during protodepalladation, failed to
provide any conversion to the decarboxylated product at either
10 equiv (entry 2) or 2 equiv. Both nitric acid and
methanesulfonic acid were slightly less efficient than trifluoro-
acetic acid (entries 3 and 4; 61 and 76%, respectively), despite
their increased acidity. Carboxylic acids gave variable results
with p-nitrobenzoic acid (Table 2, entry 5) giving rise to a very
rapid rate. Unfortunately, the p-nitrobenzoic acid reactions led
to a number of byproducts and were difficult to purify. Formic
acid (96%) did not yield any significant amount of product
(entry 6), perhaps due to reduction of the palladium(II) species
via decarboxylation of the formic acid. Acetic acid acted slightly
more slowly than trifluoroacetic acid, but still provided a
moderate conversion (66%, entry 7). Nevertheless, no direct
correlation between pKa and reaction rate was discerned. Due
to convenience and uniformly good conversions, trifluoroacetic
acid was chosen as the proton source for further studies on the
aromatic decarboxylation reaction.

Palladium Order under Catalytic Conditions. To deter-
mine if the order in palladium remained the same for the
catalytic vs promoted reactions (see above), reactions at
different catalyst loadings were examined (Figure 10a). A first
order correlation was observed (Figure 10b) and supports a
similar reaction mechanism for both processes. While no
decarboxylation was observed in the absence of palladium
catalyst, good rates were observed even with 10 mol % catalyst
loading (62% conversion after 24 h). Attempts to extend the
catalyst lifetime by adding a stoichiometric oxidant, such as
Cu(O2CCF3)2, were unsuccessful.

Solvent Screen. A number of solvents were screened in the
decarboxylation reaction (Table 3). Using the standard 5%
DMSO−DMF solvent mixture provided ∼81% conversion of

Figure 9. Acid concentration effect on the decarboxylation of 6 as monitored by GC. Reaction conditions: [6] = 0.11 M, [Pd(O2CCF3)2] = 0.016 M,
CF3CO2H. (a) Reaction at 5 different acid concentrations (4.3, 7.7, 14.3, 67.7, and 134.3 equiv with respect to palladium). (b) Lineweaver−Burk
plot70 (double reciprocal plot) confirming saturation kinetics. Equation of the line is y = 2861.6x + 63192. R2 = 0.986.

Table 2. Protic Acids in the Aromatic Decarboxylation
(Scheme 3)a

entry H source pKa
b pKa

c convd (%)

1 CF3CO2H 0.2 3.5 86
2 HCl −7.0 1.8 0
3 HNO3 −1.3 NAe 61
4 CH3SO3H −1.2 1.6 76
5 p-NO2C6H4CO2H 3.4 9.0 85
6 HCO2H (96%) 3.8 NAe 1
7 CH3CO2H 4.8 12.3 66

aReaction conditions: initial concentration [6] = 0.09−0.11 M and
[Pd(O2CCF3)2] = 0.019−0.021 M, 3.0 mL of 5% DMSO−DMF, 70
°C, 24 h, 10 equiv of acid. bDetermined in H2O.

90 cDetermined in
DMSO.91 dGC monitoring of the formation of 8 with biphenyl as
internal standard. eInformation is not available (NA).

Figure 10. Effect of catalyst loading on the decarboxylation of 6 as monitored by GC: ⧫ = 20 mol % of Pd(O2CCF3)2, ▲ = 15 mol % of
Pd(O2CCF3)2, ● = 10 mol % of Pd(O2CCF3)2, and ■ = no Pd(O2CCF3)2. Reaction conditions: initial concentration [6] = 0.10 M and
[Pd(O2CCF3)2] = 0.020, 0.015, and 0.010 M, respectively, CF3CO2H (10 equiv), 3.0 mL of 5% DMSO−DMF, 70 °C. (a) Reaction run at four
different palladium concentrations. (b) Rate vs [Pd(O2CCF3)2]. Equation of the line is y = 8.928x − 0.005. R2 = 0.986.
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decarboxylated product (entry 1). The use of a stringently dried
5% DMSO−DMF mixture slightly increased the conversion to
85% (entry 2). Therefore, it was concluded that small amounts
of water do not significantly inhibit the decarboxylation
reaction. The use of either DMSO or DMF alone gave only
moderate conversions to product (entries 3 and 4; 32 and 53%,
respectively). Since DMSO acts as a ligand throughout the
reaction and must be able to undergo facile ligand exchanges,
an excess of DMSO would slow the overall rate of reaction
significantly. However, DMSO can stabilize Pd(II) intermedi-
ates and slow the formation of palladium black. Therefore, a
small amount of DMSO dramatically improves the reac-
tion.92−95 While DMF may also act as a ligand96,97 for
palladium in the decarboxylation reaction, it is not as effective
at stabilizing the reactive intermediates. In light of this analysis,
it was surprising that the decarboxylated product was obtained
with only slightly lower conversion in xylenes (73%, entry 5).
However, the rapid formation of a black precipitate was noted,
and the reaction slowed noticeably.
Protic solvents were examined as they could serve as

alternative proton sources during the reaction. The use of
methanol as the solvent, without additional trifluoroacetic acid,
resulted in 43% conversion (entry 7) confirming this
hypothesis. Adding 10 equiv of trifluoroacetic acid to methanol
increased the conversion to 70% (entry 8). Other protic
solvents, such as ethanol, trifluoroethanol, and isopropanol,
produced similar conversion of decarboxylated products in the
presence of 10 equiv of trifluoroacetic acid (entries 9−11; 56,
58, and 81%, respectively). The reactions in alcoholic solvents
proceeded rapidly and then stalled due to the immediate
formation of a black precipitate, presumably a palladium
aggregate. While alcoholic solvents appear very favorable with
respect to the protodecarboxylation process, β-hydride
elimination serves as a reducing source decomposing the
palladium(II) catalyst. The addition of an oxidant such as
Cu(O2CCF3)2 did not prevent the decomposition of palladium
with alcoholic solvents. As a consequence, the 5% DMSO−
DMF solvent mixture appeared to provide the optimum of
reactivity and catalyst stabilization.
Metal Sources. All attempts to perform the decarboxylation

under these conditions using other metal sources, including
Ag(O2CCF3), Zn(O2CCF3)2, Cu(O2CCF3)2, In(O2CCF3)3,
Ni(O2CCF3)2, Ag(OSO2CF3), Cu(OSO2CF3)2, Zn-
(OSO2CF3)2, and In(OSO2CF3)3, were unsuccessful. Trans-

metalation from palladium to another aryl metal species was
also attempted to facilitate protonation and potentially reduce
the amount of palladium required. However, use of the metal
sources above in concert with Pd(O2CCF3)2 failed to provide
any benefit.
Palladium(II) acetate was found to be an acceptable

alternative for the decarboxylation reaction with methanesul-
fonic acid. Reaction of 6 with 20 mol % of palladium(II) acetate
and 10 equiv of methanesulfonic acid at 80 °C yielded a
reaction rate (k = 2.2 × 10−5 s−1) comparable to that of
palladium(II) trifluoroacetate under the same conditions (k =
1.5 × 10−5 s−1).50 This result stands in contrast to the
decarboxylative Heck reaction,32 which does not proceed well
with palladium(II) acetate. Since ligand exchange occurs readily
with exogenous acid, the use of either palladium(II) source in
the presence of methanesulfonic acid should yield the same
electrophilic palladium intermediate and result in similar rates
of reaction. The intermediacy of an electrophilic palladium
intermediate was further supported by the inferior reactivity
observed when palladium(II) acetate and acetic acid (69%
conversion after 24 h) was used in lieu of palladium(II)
trifluoroacetate and trifluoroacetic acid (100% conversion after
24 h). In order to limit the number of different palladium
species present in the reaction while retaining a highly
electrophilic palladium source, a combination of palladium(II)
trifluoroacetate and trifluoroacetic acid was employed for
further studies.

Ligand Studies. On the basis of the mechanisms discussed
above, there appears to be at least one coordination site
available for a ligand in both the decarboxylative palladation
and protodepalladation steps. DMSO has been proposed to act
in this capacity under the typical reaction conditions. To
determine whether other ligands can function more effectively
than DMSO, a series of phosphine and phosphine oxides were
examined in addition to pyridine and bis-sulfoxide. The
decarboxylation was slightly inhibited in the presence of 20
mol % triphenylphosphine, independent of the solvent (5%
DMSO−DMF, isopropanol, or xylenes) (Table 4, entries 1−3).
The addition of triarylphosphine ligands to palladium(II)
acetate or palladium(II) trifluoroacetate results in rapid
formation of palladium(0) complexes.98−100 This reduction of

Table 3. Solvents in the Aromatic Decarboxylation (Scheme
3)a

entry solvent convb (%)

1 5% DMSO−DMF 81
2 5% DMSO−DMFc 85
3 DMSO 32
4 DMF 53
5 xylenes 73
6 MeOHd 43
7 MeOH 70
8 EtOH 56
9 CF3CH2OH 58
10 i-PrOH 81

aReaction conditions: initial concentration [6] = 0.10 M and
[Pd(O2CCF3)2] = 0.020 M, 10 equiv of CF3CO2H, 3.0 mL of
solvent, 70 °C, 24 h. bGC monitoring with biphenyl as internal
standard. cDistilled solvents. dNo added CF3CO2H.

Table 4. Ligands in the Aromatic Decarboxylation (Scheme
3)a

entry ligand (equiv) solvent convb (%)

1 PPh3 (0.2) 5% DMSO−DMF 65
2 PPh3 (0.2) i-PrOH 56
3 PPh3 (0.2) xylenes 78
4 PPh3 (1.0) 5% DMSO−DMF 3
5 PPh3 (1.0) i-PrOH 8
6 PPh3 (1.0) xylenes 39
7 dppe (0.2) xylenes 75
8 dppp (0.2) xylenes 66
9 dppp (1.0) xylenes 41
10 P(O)(octyl)3 (5.0) 5% DMSO−DMF 71
11 pyridine 5% DMSO−DMF no prod
12 bis-sulfoxidec 5% DMSO−DMF 66

aReaction conditions: initial concentration [6] = 0.10 M and
[Pd(O2CCF3)2] = 0.020 M, 10 equiv of CF3CO2H, 3.0 mL of
solvent, 70 °C, 24 h. bGC monitoring of the formation of 8 with
biphenyl as internal standard. cPd(OC2CCF3)2 was replaced with
Pd(PhSOCH2CH2SOPh)(OAc)2.
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palladium(II) complexes is especially facile in DMF with excess
phosphine ligand.100 In fact, further increasing the amount of
triphenylphosphine in the decarboxylation reaction to one
equivalent led to a much greater inhibition of the reaction
(entries 4−6). The bidentate phosphine ligands, 1,3-bis-
(diphenylphosphino)propane and 1,2-bis(diphenylphosphino)-
ethane, displayed a similar effect on the conversion (Table 4,
entries 7−9). While one equivalent of a bidentate phosphine
with respect to palladium promotes only slow reduction of
palladium(II) complexes to palladium(0) complexes, larger
quantities of the bidentate phosphine ligand will quickly reduce
palladium(II) to palladium(0).99 As a result, the decarbox-
ylation reaction was only slightly inhibited at low concentration
of bidentate phosphine (entries 7 and 8) whereas at a higher
concentration the reaction suffered from even lower conversion
(entry 9). The weak coordination of phosphine oxides to
palladium(II) catalysts can help prevent precipitation of
palladium black101 and could assist in the protonation via a
similar intramolecular six-membered transition state as pathway
D2 (Scheme 8). In fact, addition of 5 equiv of trioctylphos-
phine oxide gave only a minor reduction in the conversion
(entry 10, 71%).
Pyridine has been shown to minimize the formation of

palladium black and could be substituted for DMSO with
palladium(II), but its addition shut down the reaction process
(entry 11, no prod).102 Also, palladium bis-sulfoxide with
DMSO has been shown to be a stabilizer for palladium(II), but
replacement of Pd(O2CCF3)2 with Pd(PhSOCH2CH2SOPh)-
(OAc)2 was not as successful as the original conditions (66%,
entry 12 vs 85%, entry 2 in Table 3).103 Overall, none of the
ligands or DMSO surrogates surveyed resulted in any
improvement of the decarboxylation reaction.
Substrate Scope. From the optimization studies described

above, the general conditions for the aromatic decarboxylation
reaction were determined to be 20 mol % palladium(II)
trifluoroacetate and 10 equiv trifluoroacetic acid in 5%
DMSO−DMF with heating at ∼70 °C. Under these conditions
and with careful isolation of the volatile decarboxylated product
(8a), a quantitative yield was obtained for 6a (Table 5, entry 1).
In the absence of the palladium catalyst, substrate 6a failed to
decarboxylate (Table 5, entry 1), proving that palladium is
necessary in the reaction.
A variety of para-substituted benzoic acid derivatives (6b−d)

were treated under the optimized decarboxylation conditions to
give comparable yields of the decarboxylated products (Table 5,
entries 2−4). While decarboxylation of 2,6-dimethoxy-4-
methylbenzoic acid (6b) in 5% DMSO−DMF was completed
in approximately 24 h, the decarboxylation of 4-chloro-2,6-
dimethoxybenzoic acid (6c) was about twice as slow under the
same conditions (∼48 h). Furthermore, the decarboxylation of
2,4,6-trimethoxybenzoic acid (6d) was extremely rapid under
the standard reaction conditions (∼100% conversion after 1 h
at 70 °C). As expected, 6d failed to decarboxylate at an
appreciable rate in the absence of palladium (∼3% after 1 h at
70 °C), despite the fact that very electron-rich substrates can
decarboxylate spontaneously when heated in the presence of
strong acid.8

The rate acceleration seen with the highly electron-rich 2,4,6-
trimethoxybenzoic acid (6d) warranted a further Hammett
study. If the proposed electrophilic aromatic substitution
mechanism depicted in path D (Scheme 8) for the rate-
determining protodepalladation step is valid, then a large
negative ρ value should be observed.104 On the other hand, if

protodepalladation occurs through a σ-bond metathesis type
mechanism (path C), a large positive ρ value would be
expected.105 From Figure 11, a ρ = −4.03 (using σ+ parameters
from Anslyn and Dougherty)51 was measured, which is
consistent with a buildup of positive charge in the transition
state. Therefore, the proposed protodepalladation mechanism,
via a Wheland intermediate (path D, Scheme 8), is further
supported.
As expected from the Hammett studies above, a very electron

poor substrate, 2,6-bistrifluoromethylbenzoic acid (6e, Table 5,
entry 5) failed to yield any significant amount of decarboxylated
product, even with a full equivalent of palladium and stronger
heating (120 °C). Other substrates of intermediate electronic
character, such as 2-fluoro-6-methoxybenzoic acid (6f, Table 5,
entry 6) and 2,4,6-trimethylbenzoic acid (16), also provided
very poor conversion to the desired products (<20%) at
elevated temperatures (100 °C) with a full equivalent of
palladium. Compounds 6e and 16 also cannot form a dative
bond with palladium as in proposed intermediate 11 (Scheme

Table 5. Benzoic Acid Derivatives in Catalytic
Decarboxylationa

aReaction conditions: [6a−f] = 0.060 M and [Pd(O2CCF3)2] = 0.013
M, 10 equiv of CF3CO2H, 3.0 mL of 5% DMSO−DMF, 70 °C.
bIsolated yield. cNo reaction was seen in the absence of Pd(O2CCF3)2.
dIn the absence of Pd(O2CCF3)2 only 3% conversion to 8d was
observed after 1 h at 70 °C (∼40% conversion after 21.5 h). e∼18%
conversion by 1H NMR with stoichiometric palladium at 100 °C.
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6, path C), which may decrease their reactivity. The
decarboxylation of 16 may compete with lactonization from
C−H insertion into the o-methyl substituent.30 However,
reacting the potassium salt of 2,4,6-trimethylbenzoic acid (16a)
with 1.2 equiv of palladium afforded 42% yield of the
decarboxylated product (17, Scheme 10).

Mono-ortho-substituted benzoic acids suffered from poor
yields and considerable byproduct formation. It has been
previously shown that a secondary pathway in which palladium
undergoes C−H insertion ortho to the carboxylate group is a
major byproduct with similar mono-ortho-substituted sub-
strates.32,33 A number of groups have exploited this ortho-
directing ability of carboxylate groups.106−112 Under the
protodecarboxylation conditions, both 2,5-dimethoxybenzoic
acid and 2,3,4-trimethoxybenzoic acid led to a significant
amount of the ortho-palladation byproduct and very little
conversion to the decarboxylated products. At this time, no
conditions have been found to completely prevent the C−H
insertion pathway. However, decarboxylation of 2,4,5-trime-
thoxybenzoic acid (18) with catalytic palladium at 70 °C
afforded 25% yield of the desired product (19, Scheme 11).
Again, the yield could be increased by treating the potassium
salt of 2,4,5-trimethoxybenzoic acid (18a) with 1.2 equiv of
palladium to afford 55% yield of the decarboxylated product
(19, Scheme 11).
Nevertheless, it would seem that electron rich di-ortho-

substituted substrates are necessary for efficient decarboxyla-
tion. In addition to preventing C−H insertion and facilitating
protonation of the arylpalladium intermediate, it is possible that

the ortho-substituents also coordinate to the palladium and
stabilize the reactive intermediates.
Based on the parameters defined above, electron-rich

naphthoic acids were subjected to the catalytic decarboxylation
conditions. As predicted, these substrates underwent facile
decarboxylation resulting in good yields (71−75%) of the
decarboxylated products (Table 6, entries 1−4). Once again, in
the absence of palladium, no decarboxylation was observed
(entry 3). Surprisingly, naphthoic acid 26 failed to yield greater
than 15% conversion to product, even with 1 equiv of
palladium at elevated temperatures (120 °C) (entry 5). Since
26 fails whereas the electronically similar 1 succeeds, one might
infer that the C1-methyl causes a steric gearing interaction
thereby blocking effective reaction of the carboxylate. However,
the fact that 24 with a C1-methyl and one additional distal
methoxy relative to 26 succeeds indicates that electron-
donating groups on the ring also play a role by the enhancing
the reactivity.
Akin to substrates such as 2,5-dimethoxybenzoic acid and

2,3,4-trimethoxybenzoic, mono-ortho-substituted naphthoic
acid (28) failed to decarboxylate under the reaction conditions
(Table 6, entry 6). However, it was hypothesized that 2-
methoxy-1-naphthoic acid (30) would undergo facile decar-
boxylation even though C−H insertion is possible into the
aromatic ring adjacent to the carboxylate. Placement of the
carboxylic acid at the benzylic position should provide
stabilization of the reactive intermediate, since the Wheland
intermediate only disrupts the aromaticity of one ring (30a) vs
both aromatic rings (28a, Figure 12). Supporting this analysis
and the proposed mechanism, clean decarboxylation of 30
occurred to afford 88% yield of decarboxylated product 29
(Table 6, entry 7).

■ CONCLUSIONS
In summary, a full study of the optimization of the palladium-
mediated decarboxylation reaction has been presented. The
palladium-promoted decarboxylation has proven to be
especially mild when combined with an array of usable
reductants, making this process compatible with complex
substrates. The determination of the kinetic reaction orders for
both stages of the aromatic decarboxylation reaction combined
with measurement of the activation parameters provides
evidence that protodepalladation is the rate-determining step
of the reaction. However, the small free energy difference
between the two steps (∼2 kcal/mol) implies that changes in
the substrates can shift the rate-determining step. It is proposed
that the decarboxylative palladation occurs through an
intramolecular electrophilic palladation followed by decarbox-

Figure 11. Hammett plot for catalytic aromatic decarboxylation. The
appropriate substrate was mixed with Pd(O2CCF3)2 (0.2 equiv) and
CH3SO3H (10 equiv) in 0.75 mL of DMSO-d6 and heated to 70 °C
with 1H NMR monitoring. Reaction conditions: initial concentration
[6a−d] = 0.088 M and [Pd(O2CCF3)2] = 0.018 M, 10 equiv of
CH3SO3H, 0.75 mL of DMSO-d6. Equation of the line is y = −4.025x
− 0.0677. R2 = 0.979.

Scheme 10. Decarboxylation of Potassium Salt of 2,4,6-
Trimethylbenzoic Acid

Scheme 11. Decarboxylation of Mono-ortho-substituted
Benzoic Acids
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ylation; this hypothesis is supported by results from a Hammett
study, an Eyring study, and computational work. Furthermore,
protodepalladation is proposed to take place through an
electrophilic aromatic substitution mechanism via a stepwise
intramolecular protonation sequence. This result is especially
noteworthy in light of the importance of the reverse process
(C−H activation), which under many conditions involves a
substantially different concerted σ-bond metathesis. The
presence of an SEAr mechanism here, which involves a
Wheland intermediate, shows that different mechanistic
pathways can be accessed under different reaction conditions.
Thus, these results provide a starting point to modify
protodepalladation and C−H activation reaction conditions

to favor different mechanisms and encompass different
substrate classes.
These mechanistic and kinetic results have provided a greater

understanding of the aromatic decarboxylation reaction and
allowed a reaction with catalytic palladium to be developed.
Under catalytic conditions, saturation behavior in protic acid
was confirmed, and a Hammett study further supported the
proposed protodepalladation mechanism. This transformation
is especially useful for hindered aromatic carboxylic acids (bis-
ortho-substituted). Future work will focus on broadening the
substrate scope of the catalytic aromatic decarboxylation
reaction.

■ EXPERIMENTAL SECTION
General experimental considerations are provided in the Supporting
Information. Starting material compounds 1, 4, 20, 22, 24 were made
following our previous report.35

General Procedure for GC Reaction Monitoring. To a solution
of 6a (60 mg, 0.33 mmol) in the appropriate solvent (3.0 mL) were
added palladium(II) trifluoroacetate (110 mg, 0.33 mmol) and
biphenyl (51 mg, 0.33 mmol). The reaction mixture was then heated

Table 6. Other Aromatic Acid Substrates in Catalytic Decarboxylationa

aReaction conditions: [naphthoic acid] = 0.065 M and [Pd(O2CCF3)2] = 0.013 M, 10 equiv of CF3CO2H, 3.0 mL of 5% DMSO−DMF, 70 °C.
bIsolated yield. c80 °C. dNo reaction was seen in the absence of Pd(O2CCF3)2.

e∼15% conversion by 1H NMR with stoichiometric palladium at 120
°C.

Figure 12. Comparison of Wheland intermediates 28a and 30a.
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at 70 °C for 1 h. To this solution was added the appropriate
hydrogen/hydride source at the temperature specified. At regular
intervals, aliquots (∼100 μL) were removed. To this aliquot were
added 1 M HCl and EtOAc. The solution was then shaken and the
organic phase was filtered through SiO2 (10% MeOH/CH2Cl2). The
sample was then analyzed by gas chromatography (GC) using the
conditions outlined in the Supporting Information.
General Procedure for 1H NMR Reaction Monitoring. To a

solution of 6a (12 mg, 0.066 mmol) in DMSO-d6 (0.75 mL) was
added palladium(II) trifluoroacetate (26 mg, 0.079 mmol). A 1H NMR
spectrum was then taken. The mixture was then warmed to the
indicated temperature and spectra were taken periodically throughout
the course of the reaction. If a hydrogen/hydride source was being
studied the reaction was then cooled to room temperature, a 1H NMR
spectrum was taken, the hydrogen/hydride source was added and the
mixture was heated to the indicated temperature.
Computational Methods. All calculations were carried out using

B3LYP113−115 functionals using 6-31G(d) basis for main group
elements and SDD for Pd in solvent (dichloromethane) using
CPCM116 solvation model. All stationary points were characterized as
minima or transition state structures using frequency analysis.
1,3,7-Trimethoxynaphthalene (3). General Procedure A. To a

solution of 1 (10 mg, 0.038 mmol) in 5% DMSO−DMF (0.5 mL)
were added palladium(II) trifluoroacetate (14.3 mg, 0.043 mmol) and
Ag2CO3 (10.5 mg, 0.038 mmol). The mixture was then heated to 90
°C for 1 h. After cooling, 1 N HCl was added, and the mixture was
extracted with EtOAc. The organic phase was washed with H2O and
brine, dried over Na2SO4, and concentrated. This material was then
dissolved in THF (1.0 mL) and stirred under a H2 atmosphere for 5
min. After filtration through Celite, the material was chromatographed
in 20% EtOAc/hexanes to afford 3 (8.2 mg) in 99% yield as a brown
amorphous solid: mp 69−71 °C; 1H NMR (500 MHz, CDCl3) δ 7.59
(d, J = 8.9 Hz, 1H), 7.47 (d, J = 2.6 Hz, 1H), 7.13 (dd, J = 8.9, 2.6 Hz,
1H), 6.70 (d, J = 2.1 Hz, 1H), 6.52 (d, J = 2.2 Hz, 1H), 3.98 (s, 3H),
3.91 (s, 3H), 3.89 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 156.6,
156.0, 155.7, 130.2, 128.1, 122.3, 119.5, 100.9, 98.2, 98.1, 55.7, 55.5,
55.4; IR (film) 2988, 2945, 2907, 1737, 1606 cm−1; HRMS (CI) m/z
[M]+ calcd for C13H14O3 218.0943, found 218.0939.
5,5′-Bis(benzyloxy)-2,2′ ,4,4′ ,6,6′-hexamethoxy-7,7′-

dipropyl[1,1′]binaphthalene (5). General procedure A was used
with the following alterations: compound 4 was employed and
Ag2CO3 was excluded in the first step. Compound 5 (27 mg) was
obtained in 99% yield as a resin: 1H NMR (500 MHz, CDCl3) δ 7.62
(d, J = 7.0 Hz, 4H), 7.43 (t, J = 7.3 Hz, 4H), 7.37 (t, J = 7.3 Hz, 2H),
6.76 (s, 2H), 6.64 (s, 2H), 5.10 (m, 4H), 3.99 (s, 6H), 3.92 (s, 6H),
3.74 (s, 6H), 2.46−2.53 (m, 4H), 1.35−1.42 (m, 4H), 0.75 (t, J = 7.2
Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 157.1, 154.9, 148.8, 147.2,
138.9, 137.0, 133.7, 129.0, 128.5, 127.8, 122.1, 116.5, 112.5, 95.9, 76.2,
61.4, 57.5, 56.1, 32.8, 23.6, 14.0; IR (film) 2933, 1338 cm−1; HRMS
(ESI) m/z [M + Na]+ calcd for C46H50O8Na 753.3403, found
753.3427.
4-Chloro-2,6-dimethoxybenzoic Acid (6c). Procedure adapted

from previously reported method to synthesize the ester variant.117 A
solution of 1-chloro-3,5-dimethoxybenzene (8c) (840 μL, 5.8 mmol)
in THF (40 mL) was cooled to −20 °C. To this solution was added n-
butyllithium (2.6 mL, 6.4 mmol). The solution was stirred for 1 h at
−20 °C and quenched with powdered CO2 (29 g, 670 mmol). The
mixture was allowed to warm to room temperature and concentrated
under reduced pressure. The mixture was then diluted with saturated
Na2CO3 and extracted twice with Et2O. The aqueous layer was
acidified with 6 M HCl and extracted twice with CHCl3. The CHCl3
organic extracts were dried with Na2SO4 and concentrated to yield 6c
in 5% yield (60 mg) as a white powder: mp 179−181 °C; 1H NMR
(500 MHz, CDCl3) δ 6.60 (s, 2H), 3.86 (s, 6H);

13C NMR (125 MHz,
CDCl3) δ 170.1, 158.3, 137.8, 110.4, 105.2, 56.5; IR (film) 3398, 2950,
2873, 2657, 2587, 2541, 1699, 1591, 1460, 1406 cm−1; HRMS (FT-
MS) m/z [M − OH]− calcd for C9H8ClO3 199.0162, found 199.0157.
1,3-Dimethoxybenzene (8a).118 General Procedure B. To a

solution of 6a (R = H) (200 mg, 1.1 mmol) in 5% DMSO−DMF (10
mL) was added palladium(II) trifluoroacetate (73 mg, 0.22 mmol). To

this solution was added CF3CO2H (820 μL, 11 mmol). The reaction
mixture was heated at 70 °C for 24 h. After cooling, the mixture was
diluted with Et2O and washed sequentially with 1 M HCl, saturated
NH4Cl three times, H2O three times, and brine. The organic extracts
were dried over Na2SO4 and concentrated at ambient temperature and
pressure by slow evaporation on the benchtop. The resulting residue
was chromatographed in 20% Et2O/Pentanes to afford 8a (R = H)
(152 mg) in quantitative yield as a pale yellow oil: 1H NMR (500
MHz, CDCl3) δ 7.19 (t, J = 8.2 Hz, 1H), 6.52 (dd, J = 2.4, 8.2 Hz,
2H), 6.48 (t, J = 2.4 Hz, 1H), 3.80 (s, 6H).

3,5-Dimethoxytoluene (8b).119 General procedure B was
employed with the following alterations: compound 6b (R = Me)
was employed. Compound 8b (R = Me) (134 mg) was isolated in 80%
yield as a pale yellow oil: 1H NMR (300 MHz, CDCl3) δ 6.35−6.34
(m, 2H), 6.30−6.29 (m, 1H), 3.78 (s, 6H), 2.31 (s, 3H).

1-Chloro-3,5-dimethoxybenzene (8c).120 General procedure B
was employed with the following alterations: compound 6c (R = Cl)
was employed. Compound 8c (R = Cl) (169 mg) was isolated in 89%
yield as a pale yellow oil: 1H NMR (300 MHz, CDCl3) δ 6.53 (m,
2H), 6.36 (m, 1H), 3.78 (s, 6H).

1,3,5-Trimethoxybenzene (8d).121 General procedure B was
employed with the following alterations: compound 6d (R = OMe)
was employed. Compound 8d (R = OMe) (183 mg) was isolated in
99% yield as a white solid; 1H NMR (300 MHz, CDCl3) δ 6.10 (s,
3H), 3.77 (s, 9H).

1,3,5-Trimethylbenzene (17).122 General Procedure C. To a
solution of 2,4,6-trimethylbenzoic acid (16) (300 mg, 1.8 mmol) in
MeOH (15 mL) was added potassium tert-butoxide (210 mg, 1.8
mmol). The suspension was stirred at room temperature for 4 h and
then concentrated by rotary evaporation to afford 16a (370 mg) in
quantitative yield and was used without further purification.

To a solution of 16a (100 mg, 0.49 mmol) in DMSO (3.0 mL) was
added palladium(II) trifluoroacetate (200 mg, 0.59 mmol). This
solution was heated to 80 °C for 24 h. Trifluoroacetic acid (370 μL,
4.9 mmol) was added, and the solution was heated at 70 °C overnight.
After cooling, the mixture was diluted with Et2O and washed three
times with saturated NH4Cl, three times with H2O, and once with
brine. The organic extracts were dried over Na2SO4 and concentrated
at ambient temperature and pressure by slow evaporation on the
benchtop. The resultant residue was chromatographed in 50% Et2O/
Pentane to afford 17 (25 mg) in 42% yield as a brown amorphous
solid: 1H NMR (500 MHz, CDCl3) δ 6.90 (s, 3H), 2.43 (s, 9H).

1,2,4-Trimethoxybenzene (19).123 General procedure B was
employed with the following alterations: Compound 18 was
employed. Compound 19 (46 mg) was isolated in 25% yield as a
yellow oil: 1H NMR (500 MHz, CDCl3) δ 6.78 (d, J = 8.7 Hz, 1H),
6.51 (d, J = 2.8 Hz, 1H), 6.39 (dd, J = 8.7, 2.8 Hz, 1H), 3.85 (s, 3H),
3.83 (s, 3H), 3.76 (s, 3H).

General procedure C was used to form 19 from 18a with the
following alterations: the initial heating time before addition of
trifluoroacetic acid was 30 min. Compound 19 (102 mg) was isolated
in 55% yield as a yellow oil.

1,3,7-Trimethoxy-4-methyl-2-naphthoic Acid (26). To a
solution of methyl 1,3-dihydroxy-7-methoxynaphthalene-2-carboxylate
(200 mg, 0.85 mmol) in 3.9 mL of THF/H2O (1.0:0.3) were added n-
Bu4NBr (28 mg, 0.085 mmol) and KOH (478 mg, 8.4 mmol). To this
solution was added dimethyl sulfate (810 μL, 8.4 mmol), and the
mixture was stirred at room temperature for 4 h. The reagents were
quenched with 30% NH4OH for 30 min. The resultant mixture was
extracted with Et2O and washed three times with 30% NH4OH and
one time with H2O and brine. The organic phase was dried over
Na2SO4 and concentrated. The resulting residue was chromatographed
in 5% EtOAc/hexanes to afford methyl 1,3,7-trimethoxy-4-methyl-2-
naphthoate (31) (48 mg) in 19% yield: mp 38−40 °C; 1H NMR (500
MHz, CDCl3) δ 7.87 (d, J = 9.2 Hz, 1H), 7.39 (d, J = 2.7 Hz, 1H),
7.22 (dd, J = 9.2, 2.7 Hz, 1H), 4.00 (s, 3H), 3.99 (s, 3H), 3.93 (s, 3H),
3.82 (s, 3H), 2.53 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 167.5,
157.4, 151.3, 150.1, 130.1, 126.2, 126.1, 121.6, 120.0, 101.3, 62.9, 62.6,
55.5, 52.6, 11.3; IR (film) 2999, 2949, 2872, 2845, 1733, 1602 cm−1;
HRMS (CI) m/z [M]+ calcd for C16H18O5 290.1154, found 290.1156.
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To a solution of methyl 1,3,7-trimethoxy-4-methyl-2-naphthoate
(31) (48 mg, 0.17 mmol) in MeOH (2.0 mL), concentrated NaOH
(2.0 mL) was added. The solution was stirred at room temperature for
24 h. The reaction mixture was then acidified with concentrated HCl
and then extracted with CH2Cl2 three times. The organic extracts were
then washed with brine, dried over Na2SO4, filtered, and concentrated
to afford 26 (38 mg) in 83% yield as a white solid: mp 114−117 °C;
1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 9.2 Hz, 1H), 7.42 (d, J =
2.6 Hz, 1H), 7.25 (dd, J = 9.2, 2.6 Hz, 1H), 4.08 (s, 3H), 3.95 (s, 3H),
3.91 (s, 3H), 2.55 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 171.0,
157.6, 152.2, 150.1, 130.5, 126.3, 126.1, 122.0, 120.5, 119.8, 101.5,
63.3, 62.9, 55.6, 11.4; IR (film) 3563, 2999, 2941, 2868, 2845, 1710,
1602, 1509 cm−1; HRMS (ESI) (m/z) [M + Na]+ calcd for
C15H16NaO5 299.0895, found 299.0883.
General Procedure D was employed for the synthesis of compounds

3, 21, 23, 25, and 29 in Table 6.
1,3,6,8-Tetramethoxynaphthalene (21).124 General Procedure

D. To a solution of 20 (11 mg, 0.038 mmol) in 5% DMSO−DMF (0.5
mL) was added palladium(II) trifluoroacetate (2.5 mg, 0.0076 mmol).
To this solution was added trifluoroacetic acid (28 μL, 0.38 mmol).
The reaction mixture was heated at 70 °C for 24 h. After cooling, the
mixture was diluted with Et2O and washed sequentially with 1 M HCl,
saturated NH4Cl, H2O, and brine. The organic extracts were then
dried over Na2SO4 and concentrated at ambient temperature and
pressure by slow evaporation on the benchtop. The resulting residue
was chromatographed in 10% Et2O/pentane to afford 21 (6.8 mg) in
72% yield as a black crystalline solid: 1H NMR (500 MHz, CDCl3) δ
6.63 (d, J = 2.2 Hz, 2H), 6.37 (d, J = 2.2 Hz, 2H), 3.92 (s, 6H), 3.88
(s, 6H).
1,3,6,7-Tetramethoxynaphthalene (23). Compound 23 (7.0

mg) was isolated in 74% yield as a dark brown amorphous solid: mp
120−125 °C; 1H NMR (500 MHz, CDCl3) δ 7.45 (s, 1H), 7.02 (s,
1H), 6.66 (d, J = 2.1 Hz, 1H), 6.42 (d, J = 2.2 Hz, 1H), 3.99 (s, 3H),
3.98 (s, 3H), 3.96 (s, 3H), 3.89 (s, 3H); 13C NMR (125 MHz, CDCl3)
δ 157.3, 155.7, 150.4, 147.4, 130.8, 116.1, 105.9, 101.5, 97.7, 96.1, 56.0,
55.9, 55.6, 55.5; IR (film) 2999, 2937, 2833, 1633, 1610, 1513 cm−1;
HRMS (ESI) m/z [MH]+ calcd for C14H17O4 249.1127, found
249.1137.
2,4,6,7-Tetramethoxy-1-methylnaphthalene (25). Compound

25 (7.5 mg) was isolated in 75% yield as an orange amorphous solid:
mp 134−140 °C; 1H NMR (500 MHz, CDCl3) δ 7.49 (s, 1H), 7.12 (s,
1H), 6.57 (s, 1H), 4.02 (s, 3H), 4.00 (s, 3H), 3.996 (s, 3H), 3.92 (s,
3H), 2.43 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 153.9, 150.3,
147.4, 130.1, 116.3, 110.9, 103.8, 102.8, 101.5, 93.4, 57.6, 56.0, 55.9,
55.7, 10.6; IR (film) 2991, 2930, 2833, 1629, 1598, 1513, 1494 cm−1;
HRMS (CI) m/z [M]+ calcd for C15H18O4 262.1205, found 262.1204.
2-Methoxynaphthalene (29).125 Compound 29 (5.3 mg) was

isolated in 88% yield as a yellow solid: 1H NMR (300 MHz, CDCl3) δ
7.78−7.72 (m, 3H), 7.47−7.41 (m, 1H), 7.36−7.31 (m, 1H), 7.17−
7.14 (m, 2H), 3.93 (s, 3H);
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