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1. INTRODUCTION

Since the 1970s, the discovery and development of Pd(0)-
catalyzed reactions of aryl and alkyl halides have revolutionized
how organic chemists envision forming new carbon�carbon
(C�C) and carbon�heteroatom (C�Y) bonds.1,2 The versatility
and practicality of these transformations stem from specially tailored
phosphine and N-heterocyclic carbene (NHC) ligands, which can
accelerate both oxidative addition and reductive elimination, there-
by enhancing the overall catalytic efficiency and broadening sub-
strate scope.2 In contrast, fewer ligands are compatible with
analogous Pd(II)-catalyzed carbon�hydrogen (C�H) bond func-
tionalization reactions,3�10 which has hampered progress in this
area. Recently, our group made strides on this front with the
discovery that mono-N-protected amino acid ligands4 could accel-
erate Pd(II)-catalyzed C�H olefination reactions along a Pd(II)/
Pd(0) catalytic cycle (eq 1).5 On the basis of preliminary mecha-
nistic data,5c we believe that the observed acceleration derives from
an increase in the rate of C�H cleavage. This calls into question
whether mono-N-protected amino acids would be compatible with
Pd(II)-catalyzed cross-coupling reactions of C�H bonds with
organometallic reagents (eq 2),7,11,12 which have completely differ-
ent elementary steps following C�Hcleavage (transmetalation and
reductive elimination). Identification of appropriate ligand scaffolds
capable of accelerating C�H/R�M cross-coupling reactions is
fundamentally important for improving the scope and practicality of
this new class of reactions that are still in their infancy.

In early 2006, our group reported the first Pd(II)-catalyzed
cross-coupling reaction of C(sp2)�H bonds and organometallic
reagents.12 Since that initial report, our group13,14 and others15,16

have gone on to expand this mode of reactivity to an increasingly
versatile collection of substrates and coupling partners.17�21

Generally speaking, however, the catalytic efficiency across these
examples remains unsatisfactory,16 pointing to a need for ligands
to enhance reactivity and turnover. Because catalytic C�H/
R�M cross-coupling possesses several fundamentally distinct
elementary steps (C�H cleavage, transmetalation, reductive

elimination, and reoxidation), it remains a significant challenge to
identify ligands that are compatible with all of these steps. Never-
theless, encouraged by our work in ligand-accelerated C�H
olefination, we sought to establish a ligand-accelerated Pd(II)-
catalyzed cross-coupling reaction of organoboron reagents with
phenylacetic acids, a major class of synthetically versatile substrates.
This particular reaction intrigued us because original methodology
from our lab13 suffered from several limitations, including long
reaction times (48 h), incompatibility with oxidants that are
operationally convenient to use such as Ag(I) salts, the need for
high-pressure O2 (20 atm), and limited substrate scope.22

Herein, we disclose the results of our studies, which represent
to the best of our knowledge the first example of ligand-accelerated
Pd(II)-catalyzed C(sp2)�H/arylboron cross-coupling. By using
amino acid ligands in conjunction with Ag2CO3 as a stoichiometric
reoxidant, we have developed a new protocol for the functiona-
lization of phenylacetic acid substrates that offers shorter reaction
times, improved substrate scope, and higher yields compared to our
previous method.13 By using ligand acceleration under aerobic
conditions, we also demonstrate that good yields can be obtained
under relatively low pressures of O2. Importantly, this work
establishes that mono-N-protected amino acids are promising
ligand scaffolds for further optimization owing to their compatibility
with the transmetalation, reductive elimination, and reoxidation
steps in C�H/R�M cross-coupling.
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ABSTRACT: A ligand-accelerated Pd(II)-catalyzed C(sp2)�H/arylboron cross-
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phenylacetic acid substrates with aryltrifluoroborates. This ligand scaffold has also
been shown to improve catalysis using 1 atmO2 as the sole reoxidant, which sheds light
on the path forward in developing optimized ligands for aerobic C�H/arylboron
cross-coupling.
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2. RESULTS AND DISCUSSION

We began by revisiting our previously reported conditions.13

One of the drawbacks that hampered the practical utility of that
protocol was the need for high-pressure O2 (20 atm), which
signaled to us that reoxidation of Pd(0) to catalytically active
Pd(II) was problematic (see below for a depiction of the
speculative catalytic cycle). Thus, for the purposes of achieving
efficient turnover under mild conditions, we first turned
our attention to other reoxidants, with the long-term goal of
developing conditions in which 1 atm air could be used as the sole
reoxidant. After extensive screening, it was found that Ag2CO3

functioned smoothly for these purposes, giving high conver-
sions in this ligand-accelerated C�H/arylboron cross-coupling

reaction.23 It should be noted that, although using Ag2CO3 is
unsuitable for large-scale industrial production, we opted to use it
here in the interest of developing a highly convenient protocol
for use in academic and medicinal chemistry laboratories.

For our optimization studies, we selected 2-trifluoromethyl-
phenylacetic acid (1a) as our screening substrate because itwas known
to be relatively unreactive in the absence of ligands (entry 1,
Table 1).22 Using Ag2CO3 as the oxidant, we examined the effect
of amino acid ligands. We first probed a range of commercially
available mono-N-Boc-protected amino acids (entries 2�8), and
among those examined, we found those with hydrophobic
residues on the backbone (e.g., Ala, Val, Leu, Ile, and Phe) to
be highly effective. We then optimized the N-protecting group
(entries 8�14), which led to identification of Ac-Ile-OH as an
optimal ligand. Substitution of the nitrogen atom with an
electron-withdrawing group was necessary for reactivity, as use
of both Me-Ile-OH and H-Ile-OH shut down the reaction
(entries 9 and 10). This observation suggests that an electron-
deficient Pd(II) center is necessary for substrate coordination
and subsequent C�H cleavage. We observed that, with
5 mol % Pd(OAc)2, Ac-Ile-OH loadings of 2.5, 5, 10, and 15
mol % gave nearly identical initial rates (as approximated by
measuring the conversion at 20 min) and overall conversion after
2 h. Given that Ac-Ile-OH is relatively inexpensive, 10 mol %
ligandwas used throughout this work for convenience in weighing.

Inourprevious studiesusingO2as theoxidant,
13,14b thepresence of

1,4-benzoquinone (BQ) was found to be crucial for both the
C�C reductive elimination12a,24,25 and reoxidation steps. In
contrast, in this protocol using Ag2CO3, BQ was not required.
5 mol% BQ was used merely to improve reproducibility.
Here, the diminished importance of BQ is likely related to the
ability of Ag2CO3 to promote both C�C reductive elimination
through one-electron oxidation26 and reoxidation of Pd(0) by an
inner-sphere mechanism, whereby electron transfer proceeds
through a putative Pd�Ag interaction.25

Acceptable conversions were obtained with representative
substrates during our initial screen with 1 equiv of Ag2CO3

Table 1. Ligand Optimizationa

entry ligandb % conv. entry ligandb % conv.

1 � 13 9 H-IIe-OH 0

2 Boc-Gly-OH 61 10 Me-IIe-OH 0

3 Boc-Ala-OH 77 11 formyl-IIe-OH 62

4 Boc-Phe-OH 83 12 Ac-IIe-OH 89

5 Boc-Val-OH 82 13 Fmoc-IIe-OH 79

6 Boc-Leu-OH 81 14 Cbz-IIe-OH 76

7 Boc-t-Leu-OH 79 15 Ac-Val-OH 79

8 Boc-IIe-OH 81 16 Ac-Leu-OH 87
aThe conversion was determined by 1H NMR analysis of the crude
reaction mixture. bBoc = tert-butyloxycarbonyl, Cbz = carbobenzyloxy,
Fmoc = fluorenylmethyloxycarbonyl, Ac = acetyl.

Table 2. Initial Results with Representative Phenylacetic Acidsa

aThe conversion was determined by 1H NMR of the crude reaction mixture
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and 1.5 equiv of PhBF3K (Table 2).27 However, we found that
phenylacetic acid starting materials were difficult to separate
from the arylated products on millimolar scale. Thus, in order to
simplify purification and improve operational simplicity, we
sought to refine the conditions to drive the reaction to comple-
tion. We further examined alternative arylboron coupling part-
ners (Table 3) and found that both aryltrifluoroborates and the
pinacol esters of arylboronic acids (ArBPin) provided nearly
equivalent product yields. We hypothesized that under our
conditions undesired homocoupling was consuming both oxi-
dant and the arylboron reagent. We thus increased the amount of
Ag2CO3 to 2 equiv and arylboron reagent to 3 equiv and
observed that quantitative conversion of 3a could be achieved
(entries 1 and 2).28 Under these conditions, we found that the
reaction worked equally well under N2, O2, or air.

We also found that the reaction could also be performed at a
lower temperature, albeit with extended reaction time (Table 4).
For example at 70 �C, the reaction to form 3a was found to
proceed to >99% conversion using Ac-Ile-OH as the ligand and
16% in the absence of ligand after 36 h.

We next examined the effect of the ligand on the rate profile
with substrate 1a. Two independent reactions were set up in the
presence and absence of Ac-Ile-OH and allowed to run for 2 h.
During this time period, small aliquots were removed at regular
intervals and analyzed by 1H NMR to determine the conversion.
This process was repeated three times, and the data were
averaged. The results, plotted in Figure 1, show a roughly 8-fold
increase in the initial rate using Ac-Ile-OH.29 We observed a
slight deviation from strict linearity in the early part of the
reaction profile, presumably due to slow release of the aryltri-
fluoroborate to the active boronic acid or boronate species
via hydrolysis during the course of the reaction.27d This effect
became more pronounced at lower temperature. Nevertheless,
a clear rate increase in the presence of Ac-Ile-OH is evident
from the data.

Next, we probed phenylacetic acid substrate scope (Table 5).
To our delight, we found that our new protocol was highly tolerant

of a variety of different substituents including alkyl groups (3b and
3d), alkoxy groups (3j, 3k, and (S)-3n), and halides (3f�3h).
Notably strongly electron-withdrawing groups, such trifluoro-
methyl (3a, 3c, and 3e), nitro (3i), and ketone ((rac)-3o) groups
also gave high yields, which qualitatively suggests that simple
electrophilic palladation is not the operative mechanism for C�H
cleavage. Our protocol was found to tolerate monosubstitution at
the α-position ((rac)-3m), (S)-3n, and (rac)-3o), providing a

Table 4. Conversion of 1a to 3a at 70 �Ca

entry ligand % conv.

1 � 16

2 Ac-IIe-OH >99
aThe conversion was determined by 1H NMR of the crude reaction
mixture.

Figure 1. Rate profile for the reaction of 1a with 2a in the presence and
absence of Ac-Ile-OH. Each data point represents the average of three
independent trials. The initial rates are calculated for the data points
in the 5�20-min time interval using linear regression. Beyond 2 h, no
additional product conversion was observed in the trials without
ligand. See Supporting Information (SI) for detailed experimental
procedures.

Table 3. Examination of Arylboron Coupling Partnersa

aThe conversion was determined by 1H NMR of the crude reaction
mixture. bThe bracketed value denotes the conversion with PhBX2 (3.0
equiv) and Ag2CO3 (2.0 equiv) under otherwise identical reaction
conditions.
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means for the diversification of nonsteroidal anti-inflamma-
tory drugs (NSAIDs) such as naproxen ((S)-1n) and ketoprofen
((rac)-1o), which gave products (S)-3n and (rac)-3o, respec-
tively. Importantly, we found that the chiral center in (S)-3n did
not epimerize under the reaction conditions when an enantio-
pure startingmaterial was used.With chiralα-substituted starting
material (rac)-3m, racemic and enantiopure ligands were found
to give comparable yields (see SI). α,α,-Disubstituted substrates
were found to give substantially lower yields under these
conditions.30 In the absence of a sterically bulky group at the
ortho-, meta-, or α-positions, the reaction gave primarily the
diarylated product, but acceptable yields of the monoarylated
product could be obtained by using 1.1 equiv of the coupling
partner (e.g., 3e). For each substrate, we ran a control experiment
in the absence of Ac-Ile-OH. Generally, the presence of Ac-Ile-
OH drastically improved the yield. In the absence of ligand,
only two electron-rich substrates, 3d and 3k, gave over 60%
conversion. Substrates bearing electron-withdrawing substitu-
ents (e.g., 3a, 3c, 3e, 3f�3i) were highly unreactive in the
absence of Ac-Ile-OH.

Subsequently, we investigated the compatibility of our protocol
with various substituted arylboron coupling partners (Table 6).

We were pleased to find that several differently substituted
aryltrifluoroborates were well tolerated, giving excellent conver-
sions (3p�3v). Importantly, we were also able to couple a
heterocyclic compound under our new conditions (3w). Aryl-
boron reagents bearing substituents at the ortho-position were
found to be unreactive, presumably due to steric encumbrance.

We then shifted our focus to establishing a ligand-accelerated
protocol in which O2 was used as the terminal reoxidant
(Table 7).31 We again examined amino acid ligands, first turning
our attention to commercially available mono-N-Boc-protected
amino acids (entries 2�10). Of those tested, Boc-Val-OH (entry
10) was found to be optimal. We then sought to tune the N-
protecting group by modulating the steric and electronic proper-
ties of the chelating nitrogen atom (entries 11�19). However,
other amide (entries 13�15) and carbamate (entries 16�19)
protecting groups, were found to offer no further improvements.
The optimal ligand from above, Ac-Ile-OH, gave reproducibly
lower conversion than Boc-Val-OH (entry 20) For the remain-
der of the aerobic studies described herein, Boc-Val-OHwas used
as the ligand.

To probe the efficacy of this reaction under different pressures,
reactions were conducted at 1 atm, 5 atm, and 20 atm O2 and

Table 5. Phenylacetic Acid Substrate Scopea

aThe conversion was determined by 1H NMR of the crude reaction mixture. Isolated yield is given in parentheses. b 1.1 equiv of PhBF3K was used.
c 28% of the diarylated product (3e0) was also isolated. dRacemic starting material was used. e Enantiopure starting material was used. fThe product was
isolated in >99:1 er, as determined by chiral HPLC (see SI).
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20 atm air, and three representative substrates were examined
(Table 8).32 We found that raising the O2 pressure from 1 to 5
atm improved the conversions. However, further increasing the
O2 pressure from 5 to 20 atm had a comparatively modest effect.
BQ was required for catalytic turnover. Using 5 mol % BQ gave
the fastest initial rates; however, 20 mol % BQ was optimal for
overall yield (see SI). Given that our old protocol required 20
atm O2/48 h to achieve moderate turnover,13,22 these data serve
as compelling evidence that further ligand-optimization could
lead to practical C�H/R�M cross-coupling reactions under
ambient air. Moreover, the fact that both 5 and 20 atm O2

gave similar conversions after 8 h shows that, above 5 atm O2,
pressure may no longer be a critical variable for enabling turn-
over in the presence of Boc-Val-OH. For each data point in

Table 8, a control experiment was performed in the absence of
ligand, and substantially lower conversions were observed in
each case.

A thorough understanding of the mechanism of this reaction
will require detailed computational, kinetic, and structural anal-
ysis, efforts that are currently underway in our laboratory and
in collaboration with other groups. In the meantime, we would
like to highlight several observations that we have made thus far

Table 6. Aryltrifluoroborate Scopea,b

aThe conversion was determined by 1H NMR of the crude reaction mixture. Isolated yield is given in parentheses. bThe reaction conditions were
identical to those used in Table 5. cThe corresponding ArBPin (3 equiv) coupling partner was used.

Table 7. Ligand Optimization under 1 atm O2
a

entry ligandb % conv. entry ligandb % conv.

1 � 9 11 H-Val-OH 6

2 Boc-Ala-OH 39 12 formyl-Val-OH 52

3 Boc-Phe-OH 48 13 Ac-Val-OH 52

4 Boc-Ser-OH 26 14 Piv-Val-OH 9

5 Boc-Thr(t-Bu)-OH 40 15 Ada-Val-OH 24

6 Boc-Aib-OH 44 16 Me(O2C)-Val-OH 50

7 Boc-Leu-OH 57 17 Et(O2C)-Val-OH 46

8 Boc-t-Leu-OH 57 18 Cbz-Val-OH 52

9 Boc-IIe-OH 49 19 i-Bu(O2C)-Val-OH 49

10 Boc-Vla-OH 65 20 Ac-IIe-OH 56
aThe conversion was determined by 1H NMR analysis of the crude
reaction mixture. bAib = α-aminoisobutyric acid, Ada =1-adamantyl-
(CO), Piv = pivaloyl.

Table 8. Results under Different Conditions Using O2 as the
Terminal Oxidanta

aThe conversion was determined by 1H NMR of the crude reaction
mixture. Isolated yield is given in parentheses. After the times shown, no
additional product formation was observed.
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to help frame future mechanistic studies. The reaction begins
with formation of the catalytically active Pd(II) species, which
we speculate to be a monomeric Pd(II)-catalyst with a single
bound amino acid, consistent with our earlier work in this
area.4a,4b,33 Attempts to isolate and characterize the active Ac-
Ile-OH-bound Pd(II) catalyst and test its reactivity, however,
have not been fruitful thus far.34,35

Two different pathways would then theoretically lead to a
common [Pd(II)Ar1Ar2] intermediate (Scheme 1). In Path A,
transmetalation to generate a [Pd(II)Ar1] species would
precede C�H cleavage. In Path B, on the other hand, C�H
cleavage would take place first, followed by transmetalation.
Although we cannot definitively rule out Path A, we currently
favor Path B on the basis of the fact that the reactivity trends in
Table 5 (both with and without Ac-Ile-OH) closely parallel
those seen in Pd(II)-catalyzed C�H olefination of phenyla-
cetic acids,5c where C�H cleavage is thought to be the first
step of the catalytic cycle.

To understand the mechanism of carboxylate-directed
C�H cleavage in this reaction,5c,7a,36�38 we first took note
of the tolerance for both electron-donating and electron-
withdrawing substituents on the aromatic ring in the
presence of Ac-Ile-OH (Table 5). To further probe the relative
reactivities of electron-rich and electron-poor phenylacetic
acids, we performed competition experiments between sub-
strates 1a and 1b under abridged reaction times to measure the
relative initial rates (Table 9).39 We found that in the absence of
ligand, electron-rich substrate 1b gave a higher initial rate. In the
presence of Ac-Ile-OH, we found that electron-poor substrate 1a
gave a higher initial rate. The results were consistent with the
single-component initial rate data (Table 10). Overall, the
trends from these competition experiments are very similar to
what we observed in ligand-accelerated C�H olefination.5c

Based on these findings, we propose that the C�H cleavage
event proceeds via a concerted metalation/deprotonation

pathway in the presence of Ac-Ile-OH, and an electrophilic
palladation mechanism in the absence of Ac-Ile-OH
(Figure 2).5c,40,41

Subsequent to C�H cleavage, transmetalation takes place
with the organoboron reagent to generate a diaryl Pd(II) species.
Because competitive Pd(II)-mediated homocoupling of the
organometallic reagents is known to be fast,12 we speculate that
the use of ArBF3K reagents27 as the coupling partners helps
to suppress this undesired pathway.42 Importantly, it has
previously been found that Ag(I) salts facilitate transmetala-
tion in cross-coupling reactions.12b,14a,18f,43 Reductive elimina-
tion from the [Pd(II)Ar1Ar2] species, which could be induced by
BQ or Ag(I),12a,24�26 then forges the new key C�C bond to give
the arylated phenylacetic acid product.

Reoxidation of Pd(0) by Ag(I) or O2 then takes place to
regenerate catalytically active Pd(II) and closes the catalytic cycle.
The mechanism of reoxidation with O2 warrants some additional
discussion. Previously, in our ligand-accelerated C�H olefina-
tion work,5c efficient catalysis (TON > 450, TON = turnover
number) was achieved under only 1 atm O2 (Scheme 2). In the
present case of ligand-accelerated C�H/R�BX2 cross-coupling,
the maximum TONs using 1 atm O2 are roughly 30�40-fold

Scheme 1. Possible Reaction Pathways

Table 9. One-Pot Intermolecular Competition Experiment Dataa

aThe conversions were determined by 1H NMR of the crude reaction mixture. See SI for experimental details.

Table 10. Comparison of the Initial Rates for Single-
Component Reactions of 1a and 1b in the Presence and
Absence of Ac-Ile-OHa,b

entry ligand k3a ([M]/min) k3b ([M]/min) k3a/k3b

1 � 4.5� 10�4 7.1� 10�4 0.66

2 Ac-IIe-OH 3.7� 10�3 1.5� 10�3 2.47
a See SI for experimental details. bAs was discussed with Figure 1, slight
deviations from linearity were observed in the early parts of the rate
profiles. Linear regression was used here with the understanding that it
introduces some degree of error.
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lower. For instance, 65% conversion of product 3a with 5 mol %
Pd(OAc)2 was observed after 24 h at 1 atm O2, representing
a TON of 13 (Scheme 2 and Table 8). It is also noteworthy that
BQ is not required for catalysis in the case of aerobic C�H
olefination but is required in aerobicC�H/R�BX2 cross-coupling;
in the absence of BQ, only 5% conversion of 3a was observed
after 24 h under 1 atm O2 (see SI).

44 Given the similarity of the
reaction conditions in these two transformations, it is possible
that this discrepancy in catalytic efficiency stems from a differ-
ence in the mechanism of reoxidation. In C�H olefination, the
substrate disengages from the catalyst following a β-hydride
elimination event, generating a [Pd(II)(H)(X)] species (Scheme3).
This intermediate can then react with O2 along two
possible pathways, direct hydrogen atom abstraction (HAA),
or a reductive elimination/oxygenation/protonation sequence
(HXRE).31,45 In contrast, in the case of C�H/R�BX2 cross-
coupling, C�C reductive elimination, possibly promoted
by BQ,12a,24,25 generates the product along with concomitant
formation of a [Pd(0)] species (Scheme 4). [Pd(0)] is then
reoxidized to [Pd(II)] either by BQ or by O2.

46

Detailed mechanistic and computational studies have found
that either HAA or HXRE pathways can be favored, depending
on the ligand environment of the [Pd(II)(H)(X)] complex and
the reaction conditions.45 In the presence of mono-N-pro-
tected amino acid ligands, however, the reactivity patterns
of [Pd(H)(X)] intermediates have not yet been established. In
our two catalytic systems (Schemes 2�4), catalyst deactivation
is expected to take place primarily via aggregation of [Pd(0)]
intermediates to [Pd]n (Pd black). Thus, one possible explana-
tion for the markedly higher catalytic efficiency in C�H olefina-
tion would be to invoke a HAA mechanism for reoxidation in
that reaction (Scheme 3), whereby [Pd(0)] species are avoided
all together. However, other explanations could also potentially
account for the observed differences in catalytic efficiency
between the two reactions. For example, the coordination
of a CdCmoiety of the olefin coupling partner and/or olefinated
product, could serve to stabilize reduced [Pd(0)] following
HXRE in the C�H olefination reaction, decreasing the
likelihood of precipitation to Pd black.33 Another explana-
tion could be that the higher temperature in C�H/R�BX2

cross-coupling (110 �C compared to 90 �C for C�H
olefination), which we have found to be necessary for good
conversion, possibly because of the higher energetic barrier for
C�C reductive elimination compared with that for β-hydrogen
elimination, could be detrimental for catalyst lifetime.
Further mechanistic and computational studies are necessary
to elucidate the viability of these different scenarios for reoxida-
tion with O2.

The proposed Pd(II)/Pd(0) catalytic cycle is depicted
in Scheme 5. The process begins with substrate coordination
and subsequent C�H cleavage, which is presumably facili-
tated by the bound amino acid ligand. Transmetalation
takes place, followed by reductive elimination to forge the
key C�C bond with concomitant generation of Pd(0).
Reoxidation with Ag(I) or O2/BQ regenerates the active
catalyst.

Figure 2. Proposedmechanisms for Pd(II)-mediated C�Hcleavage. In
the absence of ligand, we propose an electrophilic palladation mechan-
ism (A). In the presence of ligand, we propose a concerted metalation/
deprotonation mechanism with external (B) or internal (C andD) base.

Scheme 2. Comparison between Ligand-Accelerated Pd(II)-Catalyzed C�H Olefination and C�H/R�BX2 Cross-Coupling
under 1 atm O2

5c

Scheme 3. Possible Reoxidation Pathways in Ligand-Accelerated C�H Olefination5c
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3. CONCLUSION

In summary, we report an efficient ligand-accelerated Pd(II)-
catalyzed C(sp2)�H/arylboron cross-coupling reaction. Using
mono-N-protected amino acid ligands, we were able to develop
conditions to broaden phenylacetic acid substrate scope, shorten
reaction times, improve product yields, and reduce catalyst loadings.
We anticipate that our new operationally simple protocol using
Ag2CO3 will find widespread applications in academic and
medicinal chemistry laboratories. Of equal importance, we
have achieved progress toward the development of a comple-
mentary, practical aerobic protocol for this Pd(II)-catalyzed
cross-coupling reaction using 1 atm O2 as the sole reoxidant.
Upon further development, the aerobic reaction will provide
an expedient and high-yielding method for large-scale production of
biaryl molecules, which are especially prevalent in pharmaceuticals.

4. EXPERIMENTAL SECTION

4.1. General Information. Unless otherwise noted, all materials
were used as received from commercial sources without further purifica-
tion. Phenylacetic acid substrates were purchased from Acros, Sigma-
Aldrich, TCI, Alfa-Aesar, and MP Biomedical and were used as received.
2-(Trifluoromethyl)phenylacetic acid (1a) was purchased from TCI;
samples of 1a from other commercial sources were found to give
inconsistent results. Organoboron coupling partners were procured from
Frontier Scientific, Sigma Aldrich, and Combi-Blocks and used as
received. 1,4-Benzoquininone (BQ) was sublimed prior to use. t-Amyl-
OH was purchased from Sigma-Aldrich. Newly opened and/or freshly
distilled samples of t-AmylOH gave themost consistent results. Commer-
cially available amino acid ligands were purchased fromBachem, EMD, or

Novabiochem. To examine whether racemic Ac-Ile-OHwould give better
yields with chiral (racemic) substrates, Ac-D-Ile-OH was prepared.47 All
other ligands were prepared following literature precedent.5c Palladium
acetate and potassium hydrogen carbonate were purchased from Sigma-
Aldrich and Fisher, respectively, and were used without further purifica-
tion. All reactions were run on hot plates with oil baths calibrated to an
external thermometer. Prior to beginning an experiment, the hot plate was
turned on, and the oil bath was allowed to equilibrate to the desired
temperature for 30min. Infrared spectra were recorded on a Perkin-Elmer
FT-IR spectrometer. 1H and 13C NMR spectra were recorded on Varian
Inova (400 and 100MHz, respectively) and Bruker DRX equipped with a
5 mm DCH cryoprobe (600 and 150 MHz, respectively) instruments
internally referenced to tetramethylsilane or chloroform signals. The
following abbreviations (or combinations thereof) were used to explain
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet,m=multiplet,
and a = apparent. The enantiomeric ratio ofMe-(S)-3n was determined
by integration of theHPLC trace, acquired using an Agilent Technologies
1200 series HPLC system with an integrate diode array detector. High-
resolution mass spectra were recorded at the Center for Mass Spectro-
metry, The Scripps Research Institute.
4.2. Rate Profile Measurements with 2-(Trifluoromethyl)-

phenylacetic Acid (1a) and o-Tolylacetic Acid (1b). For each
substrate, two different reaction conditions were examined: (1) without
Ac-Ile-OH and (2) with Ac-Ile-OH. A 100-mL Schlenk tube containing a
magnetic stir bar was charged with 1a (or 1b) (1.00 mmol), phenyltri-
fluoroborate (2a) (552.0 mg, 3.0 mmol), Pd(OAc)2 (11.2 mg, 0.050
mmol), BQ (5.4 mg, 0.050 mmol), Ac-Ile-OH (8.7 mg, 0.05 mmol)
(when used), KHCO3 (200.2 mg, 2.0 mmol), Ag2CO3 (551.5 mg, 2.0
mmol), and t-AmylOH (5.0 mL). The reaction tube was capped with a
rubber septum, then stirred at 110 �C. At the indicated time points, a
small aliquot (<0.1 mL) was removed from the vial. The aliquots were
added to independent 10-mL scintillation vials containing a biphasic
mixture of 2.0 N HCl solution (1.0 mL) and diethyl ether (2.0 mL). An
aliquot of the organic phase was taken, concentrated in vacuo, and
analyzed by 1HNMR. The conversion was determined by integration of
the benzylic methylene proton signals, which appear as singlets
(approximately 3.87 ppm for 1a, 3.79 ppm for 3a, 3.67 ppm for 1b,
and 3.63 ppm for 3b). The procedure was repeated three times. The
resulting data were plotted, and linear regression of the time points in the
5�20 min period established the initial rate. The results are shown in
Tables S4�S7 and Figures S1�S4 (SI).
4.3. General Procedure for Pd(II)-Catalyzed C�H/Organo-

boron Cross-Coupling with Phenylacetic Acids (1) and
Potassium Trifluoroborates (2) Using Ag2CO3 as the Oxi-
dant. A 25-mL sealed tube equipped with a magnetic stir bar was
charged with the phenylacetic acid substrate (1) (0.50 mmol), the
aryltrifluoroborate (2) (1.5 mmol), Pd(OAc)2 (5.6 mg, 0.025 mmol),
BQ (2.7 mg, 0.025 mmol), Ac-Ile-OH (8.7 mg, 0.05 mmol), KHCO3

(100.1 mg, 1.0 mmol), Ag2CO3 (275.8 mg, 1.0 mmol), and t-AmylOH
(2.5 mL). The reaction tube was capped and immediately transferred to
an oil bath at 110 �C. After being allowed to stir vigorously for 2 h, the
reaction vessel was removed from the oil bath and cooled to 0 �C in an
ice bath. A 2.0 N HCl solution (5 mL) and diethyl ether (10 mL) were
added. A small aliquot of the organic phase was taken, concentrated in
vacuo, and analyzed by 1H NMR. The conversion was determined by
integration of the benzylic proton signals; 3 generally appears upfield
from 1. To isolate the pure product 3, the biphasic mixture was basified
with concentrated aqueous NaOH until the pH > 12 (as monitored by
pH paper), the resulting solution was extracted with DCM (2� 10 mL)
to remove BQ and the biaryl homocoupling byproduct, and the organic
layers were back-extracted once with 2.0 N NaOH (10 mL). The
combined aqueous layers were acidified via dropwise addition of
concentrated HCl until the pH < 2, and the solution was extracted with
EtOAc (3 � 50 mL). The organic layers were combined, dried over

Scheme 4. Reoxidation Pathway in Ligand-Accelerated
C�H/R�BX2 Cross-Coupling

Scheme 5. Proposed Catalytic Cycle
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anhydrous Na2SO4, filtered, and concentrated in vacuo. The resulting
residue was purified by silica gel flash column chromatography using 2:1
hexanes/EtOAc (with 3% HOAc) as the eluent. Products 3i, (rac)-3o,
3s, and 3w were prepared on a 0.2 mmol scale, using the same relative
amounts of reagents. For each substrate, a control experiment in the
absence of Ac-Ile-OH was run, and the conversion was determined in a
similar manner; however, the product (which was generally observed in
scant quantities) was not isolated. The results in the presence and
absence of ligand are shown in Tables 5 and 6.
4.4. General Procedure for Pd(II)-Catalyzed C�H/Organo-

boron Cross-Coupling with Phenylacetic Acids (1) and
Potassium Trifluoroborates (2) Using O2 (or Air) as the
Oxidant. For experiments using >1 atm of pressure, a 45-mL high-
pressure vessel was used. For experiments using 1 atm of pressure, a
50 mL Schlenk-type sealed tube (with a Teflon high-pressure valve and
side arm) was used. The reaction flask was equipped with a magnetic
stir bar and was charged with the phenylacetic acid substrate (1) (0.50
mmol), the aryltrifluoroborate (2) (0.75 mmol), Pd(OAc)2 (5.6 mg,
0.025 mmol), BQ (10.8 mg, 0.1 mmol), Boc-Val-OH (10.9 mg, 0.05
mmol), KHCO3 (100.1 mg, 1.0 mmol), and t-AmylOH (2.5 mL). The
reaction vessel was capped and adjusted to the appropriate pressure of
O2 (or air). A note of caution: when working with high-pressure O2, proper
safety measures (including the use of a blast shield) should be taken. After
being allowed to stir vigorously for the appropriate time, the reaction
vessel was removed from the oil bath and cooled to 0 �C in an ice bath.
The pressure was released, and a 2.0 NHCl solution (5 mL) and diethyl
ether (10 mL) were added. A small aliquot of the organic phase was
taken, concentrated in vacuo, and analyzed by 1H NMR. The conversion
was determined by integration of the benzylic methylene proton signals,
which appear as singlets; 3 generally appears upfield from 1. To isolate
the pure product (3), the biphasic mixture was basified with concentrated
aqueous NaOH until the pH > 12 (as monitored by pH paper), the
resulting solution was extracted with DCM (2 � 10 mL) to remove BQ
and biphenyl (the undesired homocoupling byproduct), and the
organic layers were back-extracted once with 2.0 M NaOH (10 mL).
The combined aqueous layers were acidified via dropwise addition of
concentrated HCl until the pH < 2, and the solution was extracted with
EtOAc (3 � 50 mL). The organic layers were combined, dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo. The resulting
residue was purified by silica gel flash column chromatography using
2:1hexanes/EtOAc (with 3%HOAc) as the eluent. For each substrate under
each of the conditions reported, a control experiment in the absence of Ac-
Ile-OH was run, and the conversion was determined in a similar manner;
however, the product (whichwas generally observed in scant quantities) was
not isolated. The results are shown in Table 8.
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