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ABSTRACT: Kinetic, spectroscopic, and computational studies of
radical C−H arylations highlight the interplay between chemical and
physical rate processes in these multiphase reactions. Anomalous
concentration dependences observed here may be reconciled by
considering the role of phase transfer processes that mediate
concentrations in each phase. In addition, understanding interactions
through phase boundaries enables their use in optimization of
reaction performance.

Mechanistic studies of multistep organic reactions focus on
understanding the concentration driving forces and the

nature of key intermediate species in the sequence of
elementary reaction steps comprising the overall trans-
formation. In cases where the reaction medium is multiphase,
however, interpretation of experimental observations may be
complicated by the convolution of intrinsic chemical kinetics
with mass transfer rate processes. A prominent example is
found in asymmetric catalytic hydrogenation, where gas−liquid
mass transfer control of the global rate may strongly influence
product enantioselectivity.1 The presence of two immiscible
liquid phases may also influence reactions, with Schotten−
Baumann reaction conditions representing a classic case where
system properties are exploited to optimize the reaction.2

Reports of rate acceleration for organic reactions in water
include Breslow’s classic studies of hydrophobic effects in
Diels−Alder reactions3 and Sharpless’s “on water” effect for
water-insoluble organics.4 The concept of employing immis-
cible phases to alter reaction outcomes is being extended to
areas as far-reaching as controlling nanoparticle synthesis in
microfluidic segmented flow5 and the development of
protocells in studies probing the origin of life.6 Most recently,
an innovative approach used phase behavior to carry out
oxidation and reduction in a single vessel.7

Empirical optimization of multiphase reaction conditions in
reactions of pharmaceutical interest highlights both the
potential problems and notable advantages derived from
multiphase systems. The recently reported direct metal-
catalyzed C−H functionalization of heterocycles8a and
quinones8b using arylboronic acids, conceived as a mechanistic
parallel to Minisci free radical chemistry,9 contains as many as

six different components present in three different phases: solid
or aqueous phase oxidant, organic or aqueous phase substrates,
organic or aqueous phase catalyst, organic phase products.
These single-electron oxidation reactions exhibit broad
substrate scope, operational simplicity, and low catalyst cost8

under mild conditions without prefunctionalization of the
substrate and without direct addition to an arylmetalate;8

however, a number of mechanistic questions, perhaps related to
phase transfer considerations, remain unanswered.10

We report here detailed kinetic, spectroscopic, and computa-
tional investigations of the two-phase radical arylation reactions
of pyridine 1 residing in protonated form in the aqueous phase
and benzoquninone 4 found in the organic phase, as depicted
in Scheme 1. The reactions employ AgNO3 as catalyst and
(NH4)2S2O8 as oxidant, both of which reside in the aqueous
phase, and arylation partner p-tolylboronic acid 2 found in the
organic phase. These studies are aimed not only at developing a
mechanistic understanding of the intrinsic chemical reaction
steps but also at probing the influence of phase transfer
processes and their potential as a tool for reaction optimization.
Kinetic profiles are shown in Figures 1−3 for arylations of 4-

CF3-pyridine 1 and benzoquinone 4 as a function of substrate,
oxidant, and catalyst concentrations. The reactions exhibit zero-
order dependence on the concentration of p-tolylboronic acid 2
(Figure 1) and positive-order dependence on both
[(NH4)2S2O8] (Figure 2) and [AgNO3] (Figure 3). Compar-
ison of the shapes of the kinetic profiles for the reactions of 1
and 4 in Figure 1, as well as the kinetic plots of reactions
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varying initial concentrations in Figure 3, reveals that the
arylation exhibits positive-order kinetics in [1] and close to
zero-order kinetics in [4]. Understanding these observations
requires consideration not only of the intrinsic reactivity of each
substrate but also of the mass transfer processes occurring in
each case.
The reaction sequence is initiated by interaction between the

catalyst and persulfate to produce sulfate radical anions
(SO4

−•). The catalyst and the oxidant both reside in the
aqueous phase, and the rate of SO4

−• formation represents an
intrinsic kinetic driving force that depends on both persulfate
and catalyst concentrations, as is confirmed by the positive rate
dependence on both concentrations. Free radicals react in the
phase in which they are formed, being too short-lived to
undergo productive reaction after mass transfer across a phase
boundary. However, in order for the reaction to proceed,
sulfate radical anions formed in the aqueous phase must
interact with arylboronic acid 2, which resides in the organic
phase.
Figure 1 shows that zero-order kinetics in the arylboronic

acid 2 is observed under all conditions, contrary to a previous
study reporting a negative order in the concentration of [2] in
the reaction of 1.11,12 Zero-order dependences are often
attributed to chemical kinetic phenomena, for example
saturation kinetics in catalytic reactions, or introduction of a
substrate to an intermediate after the rate-determining step in
the reaction, as for nucleophile concentration in SN1 reactions.

However, control of the observed rate due to a mass transfer
process may also result in observed zero-order kinetics if the
concentration of a reacting species is mediated by a phase
boundary. In general, zero-order kinetics due to mass transfer
considerations may be attributed either to reaction steps in

Scheme 1. Arylation Reactions in Multiphase Systems

Figure 1. Effect of concentration of p-tolylboronic acid 2 on the
temporal product concentration in the reactions of Scheme 1. Red
symbols: CF3-pyridine 1 (0.1 M) to form product 3. Blue symbols:
benzoquinone 4 (0.1 M) to form product 5. Solid symbols: 0.15 M p-
tolylboronic acid 2. Open symbols: 0.3 M p-tolylboronic acid 2. 20
mol % Ag(NO3) as catalyst, 0.3 M (NH4)2S2O8; CH2Cl2:H2O = 1:1; T
= 25 °C. Reactions with 1 include 1 equiv of TFA (see Supporting
Information).

Figure 2. Effect of (NH4)2S2O8 oxidant concentration on temporal
product concentration for the reactions of Scheme 1. Top: CF3-
pyridine 1 (0.1 M). Bottom: benzoquinone 4 (0.1 M). Solid symbols:
0.15 M (NH4)2S2O8. Open symbols: 0.3 M (NH4)2S2O8. 20 mol %
Ag(NO3) as catalyst, 0.15 M p-tolylboronic acid 2; CH2Cl2:H2O = 1:1;
T = 25 °C. Reactions with 1 include 1 equiv of TFA (see Supporting
Information).

Figure 3. Kinetics of formation of products 3 (top) and 5 (bottom) as
a function of initial concentrations of substrates 1 and 4 and of catalyst
AgNO3. Standard (red): [1]0, [4]0 = 0.1 M; [2]0 = 0.3 M; [AgNO3] =
0.02 M. 2× catalyst (green): [AgNO3] = 0.04 M. 0.5× substrate
(blue): [1]0, [4]0 = 0.05 M. CH2Cl2:H2O = 1:1; T = 25 °C. 1 equiv of
TFA added in reactions of 1.
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which components meet across phase boundaries or to
reactions where the concentration of a substrate is controlled
by its mass transfer across a phase boundary. In the first
scenario, aryl radical formation would take place at the
aqueous/organic phase boundary when the sulfate radical
anion and arylboronic acid meet, the mechanistic details of
which might be similar to the related Minisci decarboxylation
reaction. In the second case, while the arylboronic acid resides
mainly in the organic phase, a small concentration may
partition into the aqueous phase where boronic acid 2 would
continually be replenished by mass transfer across the

aqueous−organic phase boundary even as it is consumed in
formation of aryl radicals Ar•. The resulting constant low
concentration of 2 in the aqueous phase causes the reaction rate
to appear as zero-order in [2].
Further evidence for the partitioning of 2 into the aqueous

phase is found from electrospray ionization mass spectrometry
(ESI-MS) experiments shown in Figure 4. This technique has
been shown to be an effective tool in elucidating reaction
pathways.13−17 Protonated pyridine 1 is observed in the
aqueous phase prior to addition of AgNO3 catalyst (Figure
4a); surprisingly, reaction product 3 appears immediately upon

Figure 4. Mass spectroscopic monitoring of the AgNO3-catalyzed reaction between 1 and 2 in the aqueous phase: (a) aqueous phase prior to
addition of catalyst; (b) aqueous phase immediately after addition of catalyst; (c) aqueous phase after 10 min reaction time. Protonated substrate: m/
z 148.0369 (100.0%), 149.0402 (6.5%); Protonated product: m/z 238.0838 (100.0%); 239.0872 (14.1%).

Figure 5. 19F-NMR studies of the interaction between AgNO3 and 1 in D2O in the presence and absence of added acid: (a) 0.1 M 1; (b) 0.1 M 1
with 0.1 M trifluoroacetic acid (TFA); (c) 0.1 M 1 with 0.1 M AgNO3; (d) 0.1 M 1 with 0.1 M AgNO3 and 0.1 M TFA.
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addition of the catalyst to the aqueous phase, implying
partitioning of the arylboronic acid into the aqueous phase
(Figure 4b). Arylated product 3 is the main species in the
spectrum after 10 min reaction time. This result supports the
kinetic results suggesting that the reaction of Ar• proceeds in
the aqueous phase where it was formed.
A previous study by Flowers and co-workers11 proposed that

reactions of 1 proceed via a silver−pyridine complex that serves
as the active catalyst. Importantly, no evidence was found in
these mass spectroscopic experiments for this Ag-bound
substrate. A small peak attributed to the Ag-bound product
was observed, but in extremely low concentration, less than
0.5% of the total Ag catalyst employed.

19F-NMR studies (Figure 5) showed that addition of AgNO3
to pyridine 1 caused a small shift in the main peak at −65.15
ppm to −65.3 ppm, as had been reported,11 but this shift is less
than that caused by addition of acid to 1 in the absence of
AgNO3 (to −65.75 ppm). Addition of AgNO3 to 1 in the
presence of acid caused this peak to shift by an even smaller
amount to −65.8 ppm. Mixing a stoichiometric amount of 1
with AgNO3 in D2O led to precipitation of a species that may
indicate formation of a silver−pyridine complex denoted [1·
Ag].
The efficacy of this [1·Ag] precipitate used as a catalyst was

tested in the reaction of substrate 4. Figure 6 shows that the

activity of the precipitated material is similar to that of AgNO3
in the reaction of 4 in the absence of 1. Further, adding the
precipitate to water at the concentration employed in reactions
showed that it dissolved back to free 1, suggesting that 1 is not
required to form the active Ag catalyst. Invoking a role for a [1·
Ag] complex appears to be unnecessary to rationalize the
results for reactions of 1 or 4 and AgNO3 as catalyst in these
arylations with arylboronic acid 2.
Figure 3 also revealed that the reaction of 1 appears to follow

first order kinetics in [1] while for 4 the rate is nearly
insensitive to [4]. Such obervations might suggest that
substrate 1 participates in the rate-limiting step while substrate
4 is not involved in the rate-determining step. Again, mass
transfer processes across the phase boundary may rationalize
this difference between the two reactions. Reaction between
Ar• and substrate occurs in the aqueous phase where the free
radical is formed. In the case of 1, the intrinsic kinetic

dependence is observed because 1 resides in the aqueous phase.
For substrate 4, however, mass transfer across the aqueous/
organic interface must occur in order for the reaction to
proceed. If the partitioning of 4 into the aqueous phase is small,
the global rate may be insensitive to the overall concentration
of 4. In such a case the global kinetics may not be reflective of
the intrinsic kinetic rate-determining step.
These studies demonstrate the importance of mass transfer

processes in mediating the delivery of active species in reaction
steps for reactions occurring under two-phase conditions.
Further studies were carried out to probe the intrinsic chemical
steps in the reaction network, most importantly kinetic isotope
effects and computational modeling. A recent essay by
Simmons and Hartwig18 discussed comparison of the results
of KIE experiments taken from separate rate measurements that
differ from those obtained from competitive reactions carried
out in a single flask in the context of distinguishing between
potential rate-determining elementary reaction steps in multi-
step reactions. However, in multiphase systems such as those
under study here, the convolution of chemical mass transfer
rate processes must be also considered.19 The study of kinetic
isotope effects carried out in competitive vs parallel reactions
may help to probe these complexities in multiphase systems.
H/D kinetic isotope effects were probed by comparing

reaction kinetics for normal and deuterated substrates 1-D and
4-D. Figure 7 shows that neither reaction exhibited a

discernible KIE in global kinetic experiments. Competition
KIE experiments, in which normal and deuterated substrate are
present in the same flask and relative rather than absolute rates
are measured, corroborated the lack of a substantial KIE (kH/kD
= 0.96 for 4 and kH/kD = 1.04 for 1).

Kinetic isotope effects of important reaction steps were
calculated for the addition of Ar• to each substrate (protonated
pyridine 1 and benzoquinone 4) and the subsequent

Figure 6. Kinetic profiles for reaction of 4 with 2 using AgNO3 (open
circles) or the complex [1·Ag] (filled circles) as catalyst; [4]0 = 0.1 M;
[2]0 = 0.15 M; 20 mol % catalyst; CH2Cl2:H2O = 1:1.

Figure 7. Kinetics of formation of product 3 and 5 from reactions
using 1-H and 1-D and 4-H and 4-D. [1]0, [4]0 = 0.1 M; [2]0 = 0.15
M; 20 mol % catalyst; CH2Cl2:H2O = 1:1; 1 equiv of TFA added to
reactions of 1.
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abstraction of a proton. Free energy surfaces and KIEs were
computed at the CPCM(water)-M06-2X/6-311+G(d,p)//
B3LYP/6-31+G(d) level of theory. The computational results
shown in Figure 8 indicate that addition of the aryl radical to
the substrate should give similar rates for H and D substrates,
while abstraction of the proton should yield a strong normal
KIE. Both the strong exothermicity of Ar• addition and the lack
of an observed KIE under competitive conditions suggest that
aryl radical addition to the substrate is irreversible and rate-
determining. However, this conclusion predicts positive-order
kinetics in substrate concentration, which is supported by the
experimental observations for the reaction of 1 but is at odds
with the observed zero-order kinetics in [4]. As was suggested
earlier, invoking a contribution from a mass transfer process
could provide a resolution to this contradiction. Diffusion
through the phase boundary provides a low, steady-state
concentration of 4 to react with Ar• in the aqueous phase,
resulting in the observation of pseudo-zero-order kinetics even
while 4 is involved in the rate-determining step.
The calculations also predict that the arylation of

benzoquinone 4 should proceed at a faster rate than that of
the protonated pyridine 1, in contradiction to the experimental
results shown in Figure 1. However, a competition experiment
carried out with both substrates 1 and 4 present in the reaction
flask helped to shed light on the intrinsic rate difference
between the two reactions. Figure 9 compares the temporal
product formation of 3 and 5 from parallel reactions carried out
in separate flasks with the same products formed in reactions
where 1 and 4 are present in the same flask. While the rate of
benzoquinone 4 arylation is hardly altered by the presence of
pyridine 1 in the flask, the arylation rate of 1 is suppressed by
nearly 6-fold in the presence of 4.
The role of mass transfer across phase boundaries may again

be invoked to help reconcile these disparate results. The
intrinsic rate of the arylation step may be described by eqs 1
and 2:

= · · •r k3 1( ) [ ] [Ar ]1 aq aq
eq

(1)

= · · •r k5 4( ) [ ] [Ar ]4 aq aq
ss

(2)

The calculated transition states address k1 and k4, but these
values are not extracted simply from the observed reaction
rates, which also depend on substrate concentrations. For
reaction of 1, the concentration term [1]aq simply equals the
total concentration of 1 since it resides in the aqueous phase.
For 4 and 2, however, the aqueous phase concentrations will
not equal the total concentrations of 4 and 2, since a large
fraction of these substrates exists in the organic phase. A further
complication in comparing experimental rates for reactions in

Figure 8. Energy diagram and computed KIE values for aryl radical addition and C−H abstraction steps.

Figure 9. Comparison of temporal product concentration in the
arylation of 1 to form 3 (filled blue symbols) and arylation of 4 to
form 5 (open pink symbols) carried out in parallel flasks (circles,
reproduced from Figure 1) or in competition in the same flask
(squares). Conditions: 0.1 M 1 or 4; 0.15 M 2; 20 mol % Ag(NO3),
0.3 M (NH4)2S2O8; CH2Cl2:H2O = 1:1; T = 25 °C. Reactions with 1
include 1 equiv of TFA (see Supporting Information).
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parallel flasks arises because the concentration [Ar•] in the
aqueous phase may not be the same during reaction of 1 as it is
during reaction of 4. The reaction of 1 may proceed under a
quasi-equilibrated aqueous phase concentration of 2, and
therefore [Ar•]aq is given the superscript “eq” in eq 1. The
much faster intrinsic kinetics predicted for 4 may deplete the
[Ar•]aq from its equilibrium concentration to give a lower
steady-state concentration (given the superscript “ss” in eq 2).
During competitive reactions in the same flask, by contrast, the
concentration of Ar• will necessarily be the same for reactions
of both 1 and 4, and under these conditions substrate 1 will
necessarily encounter the lower steady-state concentration of
Ar•, since the reaction of 4 is proceeding simultaneously.
Therefore, the 6-fold decrease in rate of production of 3 in the
competitive reaction compared to the separate flask reaction
may be attributed to a 6-fold lower concentration of Ar•

available under these conditions.
We can further combine the experimental and computational

results to estimate the true concentration of 4 in the aqueous
phase as follows. The relative rates of the two reactions under
competitive conditions is given by eq 3, where the steady-state
concentration of Ar• is the same for both substrates and
therefore cancels. The difference in transition state ΔG⧧

obtained from Figure 8 (TSa-1 10.7 kcal/mol versus TSa-4
8.1 kcal/mol) equates to a predicted rate constant ratio that is
81-fold higher for k4 over k1. With [1]0 = 0.1 M and the
observed 6-fold rate difference in initial rates observed in Figure
9, the concentration of 4 in the aqueous phase is estimated
using eq 4 to be ca. 7% of its total concentration of 0.1 M.

= · ·
•

•

⎛
⎝
⎜⎜

⎞
⎠
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r

r
k
k

1

4

[ ]

[ ]

[Ar ]

[Ar ]
3

5

1

4

[ ]

[ ] competitive

aq

aq

aq
ss

aq
ss

(3)

= ·
4

1
6

1
81

0.1 M
[ ]aq (4)

Thus, the intrinsic kinetics of the reaction between 4 and 2 is
masked by the presence of mass transfer processes that mediate
the concentration of both 2 and 4 between phases. For the
reaction of 1, the intrinsic kinetic dependence on [1] is
observed as it undergoes rate-determining addition of Ar• in the
aqueous phase.
The interplay between chemical and physical processes for

these reaction steps is illustrated in Scheme 2. Formation of Ar•

occurs in the aqueous phase after diffusion of 2 across the phase
boundary. Ar• reacts in a rate-determining step with either 1 or
4, with the large difference in their aqueous phase
concentrations acting to diminish the intrinsic reactivity
difference between the two substrates. C−H abstraction step
occurs after the rate-determining addition of Ar•, as confirmed
by the lack of a deuterium kinetic isotope effect. The product of
each reaction is observed in the organic phase at the end of the
reaction, requiring a further diffusion step across the phase
boundary for both 3 and 5 as well as deprotonation for 3.
Scheme 2 reconciles all of the results from the global kinetic
studies, the KIE results, the mass spectroscopic results, and the
computational modeling.
While these phase transfer rate processes add complexity to

the chemical kinetics of the reaction, they also provide a
parameter for reaction optimization. Mediation by the
aqueous/organic phase boundary ensures that a steady supply
of aryl radicals is available on demand for the intrinsic kinetic

steps of the reaction in the aqueous phase either with substrate
1, which resides primarily in this phase, or with substrate 4,
which diffuses into the aqueous phase. Limiting the
concentration of 2 in the vicinity of the persulfate may also
help reaction yield by inhibiting unproductive pathways that are
accessed when free radical concentration in the vicinity of
reactants is too high. Indeed, attempts to carry out these
reactions under homogeneous conditionseither in the
aqueous phase by using water-soluble trifluoroborate salts or
in the organic phase by using acid-free conditions for the
pyridine substratesled to dramatically lower yields (see
Supporting Information). The use of other solvent mixtures
that can solubilize all components also led to unacceptably low
yields. Under two-phase conditions, mass transfer rate
processes that judiciously mediate concentrations for chemical
reaction steps can become an important optimization tool.
Kinetic and spectroscopic studies link the observation of

anomalous zero-order kinetics in arylboronic acid concen-
tration to phase transfer considerations, both in producing free
radicals from the oxidant and in utilizing these free radicals in
the reaction. Comparison of global reaction rate profiles with
the relative rates and selectivities of competitive reactions
reveals that intrinsic chemical kinetics may be convoluted with
rates of mass transfer across phase boundaries. The AgI−AgII
redox mechanism originally proposed for this catalytic cycle
appears to apply generally to both pyridine and benzoquinone
substrates without the need to invoke the formation of
organometallic catalysts. This work may be generally useful
for unlocking mechanistic details of multiphase reactions and,
in particular, deciphering and deconvoluting chemical and mass

Scheme 2. Reaction and Mass Transfer Steps in the Two-
Phase Reactions of Scheme 1
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transport kinetic processes. It may also encourage the
development of bi- or multiphasic reaction conditions for
other transformations where mass transfer rate processes can
help mediate intermediate concentrations in individual
chemical reaction steps.
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