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ABSTRACT: The palladium-catalyzed Tsuji—Trost reaction has
been extensively studied under synthetically relevant conditions
(millimolar concentrations of substrates and catalyst, aprotic
solvents, no additives). Despite the increasing use of the Tsuji—

Trost reaction in other areas (e.g., chemical biology), the paucity

of kinetic studies at micromolar concentrations of substrates in
water has impeded progress. Herein, we show that a fluorescence-
based high-throughput method provided massive Eyring plot data
and revealed three kinetic regimes. The associated turnover-
limiting steps (TLSs) were assigned as the oxidative addition
(regime 1; AH* > 0), nucleophilic attack (regime 2; AH* ~ 0),
and association (regime 3; AH¥ < 0, inverse temperature
dependence). A kinetic profile under particular conditions

depended on the substrate concentration and reaction temperature. Density functional theory calculations supported these
findings. This work indicates that a TLS under dilute conditions may be different from that under synthetically relevant
conditions and may provide a path toward the development of faster and more reproducible Tsuji—Trost reactions for

synthetic, analytical, and biological applications.
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B INTRODUCTION

The palladium-catalyzed Tsuji—Trost reaction is useful not
only in synthetic organic chemistry' > but also in the
development of chemosensors,”™” signal amplification,'® and
bioorthogonal chemistry.''~'® The kinetics of the Tsuji—Trost
reaction have been extensively studied at millimolar concen-
trations in aprotic solvents, where palladium species may
aggregate and make it difficult to study the system.'’
Nonetheless, at these concentrations the turnover-limiting
step (TLS) can be either oxidative addition or nucleophilic
attack (Scheme 1a).'® For example, with linear substrates, the
(m-allyl)palladium complex is the resting state of the catalytic
cycle, with nucleophilic attack being rate-determining.'”~>'
The nucleophile can attack the carbon or the metal center
(also known as outer sphere and inner sphere, respectively;
Scheme 1b). Soft nucleophiles attack the carbon center directly
through the outer sphere.” In contrast, hard nucleophiles attack
the metal center via the inner sphere, and the carbon—carbon
bond formation occurs after reductive elimination. With cyclic
substrates, the TLS may be the oxidative addition of
palladium(0) to an allylic C—O bond.*”

In addition to the kinetic studies, mechanistic investigations
have elucidated the structures of actual catalysts. For example,
(7-allyl)palladium with two phosphine ligands is generally
considered a key intermediate,”" but the complex with a single
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phosphine may be more reactive.””** Palladium dimers have
also been shown to be active catalysts in some instances.”

In recent years, the Tsuji—Trost reaction in alcohols and
water has garnered interest in synthetic, analytical, and
biological chemistry. Many groups, including ours, reported
fluorometric palladium detection methods for pharmaceutical
applications on the basis of the Tsuji—Trost reaction.”*® We
discovered that tris(2-furyl)phosphine (TFP) was one of the
best ligands to accelerate the palladium-catalyzed allylic C—O
bond cleavage.”’ > Consequently, one of the methods from
our laboratory using TFP has been implemented in the
pharmaceutical industry for palladium quantification.”””"
However, generally when palladium-catalyzed Tsuji—Trost
reactions are studied for the fluorometric quantification of
palladium, reaction temperatures and concentrations of
components appear to be arbitrarily chosen, with no obvious
justification.

In bioorthogonal chemistry, palladium-catalyzed removal of
an allyl moiety from a key functional group has emerged as a
method to uncage bioactive compounds inside and outside of
live cells.”*~*° However, such a reaction with phosphine-less
palladium species was deemed too slow to be viable for
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Scheme 1. (a) General Catalytic Cycle of a Tsuji—Trost Reaction” and (b) Two Modes of Nucleophilic Attack between Hard

and Soft Nucleophiles
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“R = COCH;, COPh, Ph, etc. R’ = aryl or alkyl group.

biological studies. 3535 1t should be noted that, during our

current study, the Weissleder group showed that TFP-bound
palladium could catalyze the deallylation in mice.”” Their work
indicates that the combination of TFP and palladium may
prove to be a powerful bioorthogonal tool. Despite their
promising results, the palladium-catalyzed deallylation is
considered too slow to be useful in biology.””

To develop robust and faster palladium-catalyzed Tsuji—
Trost reactions, it is paramount to identify their TLSs under
relevant conditions. This is especially critical for analytical and
biological applications, because catalysts and substrates are at
unorthodox, nano- to micromolar concentrations. Moreover,
the effects of temperature, DMSO, and phosphate ions are
poorly understood. Herein, we report that the TLS changes in
Tsuji—Trost reactions and that the activation of enthalpy was
negative in one of the three kinetic regimes. In these regimes,
the reaction rates are differentially influenced by the
concentrations of DMSO and phosphate ions. The inversion
temperatures depend on the substrate concentration. These
findings may allow others to rationally design the reaction
conditions of Tsuji—Trost reactions and improve reproduci-
bility. This work may contradict a perception that the reaction
is well-understood.””

B RESULTS AND DISCUSSION

We previously reported the palladium-catalyzed deallylation of
the fluorogenic chemodosimeter allyl Pittsburgh Green ether
(APE; Scheme 2) in $% DMSO/pH 7 buffer.”® Pittsburgh
Green represents typical leaving groups in Tsuji—Trost
reactions because the pK, value of the phenolic hydroxyl
group is 4.27,% reflecting the acidity of carboxylic acids or
electron-deficient phenols. As the Semagina group demon-
strated, the use of APE for mechanistic studies can provide
new insights because the reaction can be both continuously
and accurately monitored by fluorescence at low micromolar
concentrations.*’

The reaction proceeded more quickly when we replaced
PhyP with TFP*' and when we increased the phosphate
concentration from 0.05 to 1.23 M.** As shown below, the use
of NaBH, did not have an effect on the conclusion of this
paper but facilitated kinetic studies; it eliminated the
deactivation of palladium(0) by air oxidation when high-
throughput experiments were carried out under an air

Scheme 2. Deallylation of Nonfluorescent Allyl Pittsburgh
Green Ether to Fluorescent Pittsburgh Green
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atmosphere.”” If palladium nanoparticles are formed under
the reaction conditions, it would complicate the interpretation
of data. However, because the solvents in this study are DMSO
and water and palladium concentrations are in the 10 nM to 4
UM range, palladium species are most likely monomeric.**

Figure la shows the consumption of 50 or 25 yuM APE over
time. Fitting the consumption of APE to a one-phase decay
model revealed that the reaction rapidly slowed as the
substrate concentration approached 4 yM (Table 1). When
the reaction started with S yM APE, the reaction progressed at
a rate similar to that when the above reaction slowed after the
substrate concentration reached 4 uM, excluding product
inhibition and indicating that the TLS may change at this
concentration (Figure 1b and Table 1). If the TLS remains the
same during the course of the reaction, a single kinetic profile
should be observed from 50 to 0 uM. As this was not the case,
we turned to Eyring plots to quantify energetic contributions in
the reaction.

The preparation of an Eyring plot involves plotting the
natural log of the reaction rate constant against the inverse
temperature to afford a line where the slope is —AH¥/R and
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Figure 1. Consumption of APE as a function of time. Conditions: (a)
25 or 50 uM APE, 1 yuM Pd(NO,),, 80 uM TEP, 10 mM NaBH,,
10% v/v DMSO/1.23 M phosphate pH 7 buffer, 298 K; (b) S uM
APE, 1 uM Pd(NO,), 80 uM TEP, 10 mM NaBH, 10% v/v
DMSO/1.23 M phosphate pH 7 buffer, 298 K. The data are available
in Table S1 in the Supporting Information.

Table 1. Calculated Plateau of APE from Fitting to a One-
Phase Decay as the Reaction Continues Indefinitely”

initial APE calculated plateau of APE (M) as reaction
concentration, #M proceeds infinitely
5 (8.0 + 4.0) x 1077
25 (41 £07) x 107°
50 (41 +13) x 107¢

“Data over time are also shown in Figure 1. Conditions: S, 25, or 50
4M APE, 1 uM Pd(NO,),, 80 uM TEP, 10 mM NaBH,, 10% DMSO
v/v 1.23 M phosphate pH 7 buffer.

the y intercept is In(k,/T) + AS*/R (Figure S1). AH values
are 1ntr1ns1ca11y independent of the concentrations of reactants,
while AS* values are often dependent. Since it was not possible
to measure the concentrations of reactive species involved in
the TLS, this article will not discuss experimental AS* values
extensively. We measured the fluorescence stemming from the
reaction product (Pittsburgh Green, Scheme 2) after 30 min,
at which point a vast majority of the substrate remained intact.
This choice allowed for high-throughput and accurate data
collection under analytically and biologically relevant, highly
diluted conditions in a 96-well format.

Initial Investigation with Previously Optimized
Conditions: Effect of Substrate Concentration. We first
wished to establish a benchmark Eyring plot under previously
optimized conditions*” at 293—358 K. With 12.5 uM APE, we
uncovered three reglmes (Figure 2a). Reglme 1, reglme 2, and
regime 3 showed AH* > 0, AH* 0, and AH* < 0,
respectively. The concave-down shape may indicate two
changes in TLS™*™* (for quantitative data, see Table S3 in

~
~

the Supportlng Information). These benchmark values for
AH? provided a standard against which we could evaluate
effects on the TLS by changing conditions, using the generally
accepted mechanism (Scheme 1a).

We then used APE at 25 and 50 M concentrations; the
APE concentrations had little effect on AH¥ in regime 1 (42—
55 kJ/mol; Figure 2a) but had a notable effect on the inversion
temperature (T;,,). Specifically, when the APE concentration
was lower, the T;, value was lower (Figure 2b). This
observation can account for the change observed in Figure
1; as the reaction proceeds, the kinetic profile at a specific
reaction temperature shifts from regime 1 to regime 2 and
finally to regime 3 (Figure 2b, “specific temperature”). The
existence of regime 2 was uncertain at this point, because this
regime might be the transition between regime 1 and regime 3.
However, further studies shown below support the existence of
regime 2 as an independent regime.

For regime 1, we propose that the TLS is oxidative addition
(i.e., Pd-2 to Pd-3, Scheme 3) because this step converts the

Scheme 3. General Catalytic Cycle of a Tsuji—Trost
Reaction with Proposed TLSs
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stronger C—O bond to the weaker Pd—O and Pd—C bonds.**
For regime 2, the TLS is entropically controlled; this may be
attributed to the nucleophilic attack toward Pd-3, as will be
discussed later. Regime 3 is inversely temperature dependent
(AH* < 0), which is scarce in the literature and is not well
understood.*®' We propose that the TLS for regime 3 is the
association of the TFP-ligated palladium species to the allyl
group (i.e, Pd-1 to Pd-2) as the coordinatively unsaturated
14-electron species Pd-1 gains electrons to form the more
stable 16-electron species Pd-2. As shown later, increasing
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Figure 2. (a) Eyring plot under the previously developed reaction conditions with various APE concentrations: 9.4 nM Pd(NOs;),, 120 uM TFP,
10 mM NaBH,, 5% v/v DMSO, 1.23 M phosphate pH 7 buffer, 30 min. The raw data are available in Table S2 in the Supporting Information. (b)

Changing regime with reaction progress at a single temperature.
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palladium concentration eliminates this regime, supporting the
association as the TLS of this regime.

Altogether, the identities of TLSs depend on both the
temperatures and the substrate concentrations, and at elevated
temperatures with very low substrate concentrations, AH* has
a negative value. To better understand the contributions of
each reaction component on the kinetics, we began to
systematically perturb the benchmark reaction conditions.

Effect of Phosphine Concentration. Numerous studies
have shown that ghosphine structures substantially affect
palladium catalysis;"*~®* however, fewer have demonstrated
correlations between phosphine concentration and reaction
rate.®”°® We studied the deallylation with 60, 120, and 180 uM
TFP; with 12.5 uM APE (Figure 3a), the results did not differ

(a) (b)
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Figure 3. (a) Eyring plot with various TFP concentrations.
Conditions: 9.4 nM Pd(NO;),, 10 mM NaBH,, 12.5 uM APE, 5%
v/v DMSO/1.23 M phosphate pH 7 buffer, 30 min. n = 3. The raw
data are available in Table S4 in the Supporting Information. (b)
TFP-concentration dependence. Conditions: 0—140 M TFP, 9.4 nM
Pd(NO;),, 10 mM NaBH,, 12.5 uM APE, 5% v/v DMSO/1.23 M
phosphate pH 7 buffer, 30 min. n = 3. The raw data are available in
Table S6 in the Supporting Information.

significantly at the three TFP concentrations (for quantitative
data, see Table SS in the Supporting Information). The
correlation between the TFP concentration and deallylation
rate showed an initial linear relationship at 318 K (regime 1),
339 K (regime 2), and 353 K (regime 3) (Figure 3b). At these
three temperatures, the rate decreased with higher concen-
trations of TFP. This may be because the equilibrium between

less ligated and more highly ligated palladium sg)ecies shift
toward the latter at higher TFP concentrations.®>®’

Effect of Phosphate lon Concentration. The Baran and
Gaunt groups independently reported an unspecified but
positive role of phosphate ions in palladium catalysis.”**" In
more closely related systems, (z-allyl)palladium—organic
phosphate complexes were reactive intermediates, but the
reactions were carried out in aprotic solvents (toluene,
THF).”””" We wondered whether inorganic phosphates,
originally intended to be used as the buffer salts, affect the
deallylation kinetics in water. It should be noted that
phosphate ions were not nucleophiles toward an electrophilic
allyl species.”” With 12.5 uM substrate, we were unable to
conclude whether and how phosphate ion concentrations
influence the kinetic profile (Figure 4a).

Therefore, we resorted to a slightly different approach; the
reaction was monitored at various phosphate concentrations at
three temperatures corresponding to three regimes (Figure
4b). In this experiment, we did not use NaBH, because it
would change the pH at low phosphate concentrations and
because NaBH, was found to be unnecessary (see the section
below). In regime 1 (318 K), the reaction rate was first order
with respect to phosphate. In regimes 2 and 3 (339 and 353 K,
respectively), the rates appeared to be nearly second order with
respect to phosphate concentrations. Therefore, in regime 1
where the TLS may be the oxidative addition step, one
molecule of a phosphate ion may be involved in the transition
state. In regime 2 or regime 3 where the TLS may be
nucleophilic attack or palladium—olefin association, two
phosphate ions may be involved.

Crystal structures of palladium(II)—diphosphate complexes
have been previously reported,’”’® but palladium(0)—
phosphate complexes have not been synthesized. A working
hypothesis is depicted in Figure 4c; in the allyl association step,
the palladium species may be bound to two phosphate ions,
which are dissociated as the olefin binds the metal. The rate
acceleration by phosphate ions may be due to the shift in
equilibrium between phosphate-bound palladium as a
precatalyst and DMSO-bound palladium as a resting state
complex toward the precatalyst. In the oxidative addition step,
either H,PO,” or HPO,*™ may form a hydrogen bond with the
allylic oxygen atom to facilitate the C—O bond cleavage.
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Figure 4. (a) Eyring plot with various phosphate concentrations. Conditions: 12.5 uM APE, 9.4 nM Pd(NO;),, 120 4uM TFP, 10 mM NaBH,, 5%
v/v DMSO/0.3, 0.6, or 1.2 M phosphate pH 7 buffer, 293—358 K, n = 4, 30 min. The raw data and the AH¥ values are available in Tables S7 and S8
in the Supporting Information, respectively. (b) Phosphate concentration dependence. Conditions: 12.5 uM APE, S nM Pd(NO;),, 80 uM TFP,
5% v/v DMSO/100—1070 mM phosphate pH 7 buffer, n = 3, 30 min. The raw data are available in Table S9 in the Supporting Information. (c)

Working hypothesis for the roles of phosphate ions.
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Hydrogen-bond-driven activation of allylic ethers has been
previously reported in methanol.”’ DFT calculations showed
that hydrogen bonding could lower the activation energy by
more than 20 kcal/mol.”!

In the oxidative addition step, the counteranion may be
rapidly exchanged from the phenolic oxide anion to a
phosphate ion (Figure 4c). In the next step, because the
nucleophile is a neutral species as we discuss later, a phosphate
ion can lower the transition state energy by forming an ion pair
with the incipient positive charge on the nucleophile. This
would account for the phosphate-mediated acceleration of the
deallylation in regime 2.

The palladium—phosphine binding can be reversible;
thus, we asked whether phosphate ions could act as a
competitive ligand against TFP toward palladium. As Figure
S2 in the Supporting Information shows, lowering the
phosphate concentration did not change the optimal
concentration of TFP, indicating that these two species are
probably not competing as palladium ligands.

Effect of NaBH, Concentration. The reduction of
palladium(II) with >10 mM NaBH, is not the TLS because
the deallylation rate was independent of NaBH, concen-
tration ** Little was known about the energetic contributions of
NaBH, below 10 mM. With 12.5 yM APE (Figure Sa and

74—76
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Figure 5. Various NaBH, concentrations. (a) Eyring plots.
Conditions: 9.4 nM Pd(NO,),, 120 uM TFP, 0—10 mM NaBH,,
5% v/v DMSO/1.2 M phosphate pH 7 buffer, 293—358 K, 30 min, n
= 5. The raw data are available in Table S10 in the Supporting
Information. (b) NaBH, concentration dependence. Conditions: 0—
16 mM NaBH,, 12.5 uM APE, 60 uM TFP, 10 nM Pd(NO,),, 5% v/
v DMSO/1.2 M phosphate pH 7 buffer, 60 min, n = 3. The raw data
are available in Table S12 in the Supporting Information.

Table S11), the Eyring plots were similar in the 0—10 mM
NaBH, concentration range. To understand the effect of
NaBH, concentrations, we focused on three temperatures
(318, 339, and 353 K) corresponding to regimes 1, 2, and 3. As
Figure Sb shows, in regime 1 (318 K), the concentrations of
NaBH, had no effect on the kinetics of the deallylation
reaction. In regimes 2 and 3, higher concentrations of NaBH,
retarded the reaction. Although it is unclear how NaBH, does
so, it has become evident that NaBH, is probably not involved
in TLSs in any regimes. The insights from these experiments
may be applicable to synthetic organic chemistry, chemo-
sensing, and bioorthogonal chemistry, in which NaBH, cannot
be used.

Effect of Pd Concentration. Fluorescence was measured
at 0—9.4 nM Pd concentrations (Figure 6a). The yields after
30 min under the three regimes were linearly proportional to
Pd concentration (i.e., first order with respect to Pd
concentration), indicating that catalytically active palladium
species involved in TLSs are most likely monomeric. However,
we acknowledge that the current high-throughput protocol is
not compatible with the measurement of product formation
with higher concentrations of palladium; with more palladium,
nonlinear behavior may be observed.

Effect of Substrate Concentration. The rate of the
reaction was investigated at different APE concentrations (3—
48 uM) (Figure 6b,c). The substrate concentration was
linearly correlated with the percent yield under all regimes,
suggesting that all of the TLSs involve the substrate in the
transition state, as the general catalytic cycle indicates. It is
possible that the linearity may be limited to the 3—48 yuM APE
range, because Michaelis—Menten kinetics are still plausible at
higher concetrations.”” Unfortunately, the APE concentration
range could not be broadened under the current conditions
with 5% DMSO due to limited solubility.

Effect of DMSO Concentration. DMSO has been used as
a cosolvent in aqueous palladium-catalyzed reactions to
solubilize hydrophobic reactants.”*’® Because DMSO could
bind to palladium,””*" we wondered whether DMSO could
affect the deallylation rate. Figure 7a shows the benchmark
Eyring plot with 12.5 uM APE in 5% DMSO (for quantitative
data, see Table S16 in the Supporting Information). When
10% DMSO was used instead, regime 2 disappeared. The
arrows indicate that DMSO decelerates and accelerates the
deallylation above and below the first T}, value, respectively.

(@) (b)
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% yield
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Figure 6. (a) Palladium concentration dependence. Conditions: 0—9.4 nM Pd(NOj;),,10 mM NaBH,, 12.5 uM APE, 60 uM TFP, 5% v/v DMSO/
1.23 M phosphate pH 7 buffer, 30 min, n = 4. The raw data are available in Table S13 in the Supporting Information. (b, c) APE concentration
dependence. Conditions: 3—48 uM APE, 10 nM Pd(NO,),,10 mM NaBH,, 60 uM TFP, 5% v/v DMSO/1.23 M phosphate pH 7 buffer, 60 min, n
= 4. The raw data are available in Table S14 in the Supporting Information.
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Figure 7. Various DMSO concentrations. (a) Conditions: 9.4 nM Pd(NO;),, 12.5 uM APE,120 uM TFP, 10 mM NaBH,, 5% v/v DMSO/1.2 M
phosphate pH 7 buffer, 293—358 K, n = 3 or S. The raw data are available in Table S15 in the Supporting Information. (b) Conditions: 0.75—16%
v/v DMSO/1.2 M phosphate pH 7 buffer, 10 mM NaBH,, 12.5 uM APE, 60 uM TFP, 10 nM Pd(NO,),, 60 min, n = 4. The raw data are available
in Table S17 in the Supporting Information. (c) Summary of the DMSO effect. Effect of DMSO on TFP—palladium binding. (d—f) Conditions:
0—200 uM TFP, 10 nM Pd(NO;),, 10 mM NaBH,, 10 uM APE, 2.5—-10% v/v DMSO/1.1 M phosphate pH 7 buffer, 30 min. n = 3. The raw data

are available in Table S18 in the Supporting Information.

We titrated DMSO under regime 1 (318 K), regime 2 (339
K), and regime 3 (353 K) with 12.5 uM APE (Figure 7b).
Generally, high DMSO concentrations slowed the kinetics of
deallylation under all regimes. Regime 2 was the most sensitive
to DMSO concentration, with an optimal concentration of 2%.
The positive correlation with up to 2% DMSO in regime 2 may
require further studies to understand. Nonetheless, these
results suggest that regime 2 is probably not a transition
between regimes 1 and 3. Figure 7c summarizes the findings in
Figure 7a,b.

If DMSO acts as a ligand in the current system, the optimal
concentrations of TFP should be higher with more DMSO.
Indeed, this was the case in regime 1 (Figure 7d), indicating
that DMSO may act as a competitive ligand in the oxidative
addition step to reversibly generate a resting species. The rate
of deallylation for regimes 2 and 3 (Figure 7e,f) was very slow
with 10% DMSO, making it difficult to determine the optimal
TFP concentration. With 5% DMSO, the rate of the reaction
started to decline as the TFP concentration reached 200 uM at
both 339 and 353 K. No decline in reactivity was observed
with 2.5% DMSO at these temperatures. At this point, the role
of DMSO in regimes 2 and 3 is not clear.

How does the higher concentration of DMSO decelerate the
TLS of regime 3 by increasing the entropic penalty, as
indicated by the arrow in Figure 7a? Our working hypothesis is
that the alkene substrate and the catalyst may be more solvated
by DMSO, requiring a greater loss of entropy to associate with
each other (for the solvation of hydrophobic molecules in
DMSO-—water mixtures, see the work by the Bagchi
group®"*?). Although DMSO accelerates the '—;* isomer-
ization in a phosphine-free system,83 it is not clear whether the
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phosphine-free system is relevant to the current system.
Regardless, this result indicates that a rational approach toward
accelerating a bioorthogonal Tsuji—Trost reaction may be to
minimize the solvation of substrates and catalysts, for example,
by exploiting hydrophobic effects, to facilitate the association
of the two species under highly diluted conditions.
Competition Experiment. If the association of palladium
species to the olefin is the slowest step in the catalytic cycle
under regime 3, the presence of an external alkene should
compete for the palladium, retarding the reaction. On the basis
of this hypothesis, competition experiments under regimes 1, 2,
and 3 were performed (Figure 8) with 12.5 yM APE in the

Cc—O0puM == 12.5 yM PhOCH2CH=CH2
1.5x10° 1 Regime 2
- &
Regime 3
1.0x10° T =
Only regime 3

is affected.
5.0x10*{ Regime 1 i

il

298 K 339K 353K
Temperature

Fluorescence Intensity
Ex. 490 nm, Em. 510-570 nm

Figure 8. Competition experiments with APE and external alkene.
Conditions: 0 or 12.5 yM phenyl allyl ether, 12.5 yuM APE, 9.4 nM
Pd(NO;), 120 yM TFP, 10 mM NaBH, $% DMSO/1.23 M
phosphate pH 7 buffer, n = 3, 30 min. The raw data are available in
Table S19 in the Supporting Information.
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presence and absence of 12.5 uM phenyl allyl ether. No change
in fluorescence was observed under regimes 1 and 2 upon
addition of the external alkene. Under regime 3, however, the
rate of the reaction decreased by half in the presence of the
alkene. These results support our hypothesis that association is
the TLS in regime 3.

Identification of the Nucleophile. To model the
reaction with density functional theory (DFT) calculations,
we needed to identify the nucleophile of the reaction. Previous
investigations revealed that the phosphate ions were not the
nucleophiles.”” Spurred on by this, we analyzed a reaction
mixture by LC-MS. A peak corresponding to P-allylated TFP 1
(Figure 9) was found, indicating that TFP is the primary

)

[0}
N
1

0 Pdo - +

ArO/\% + p-(@)—) ArO + vp
3

APE Pittsburgh Green

Figure 9. Formation of P-allyl TFP.

nucleophile. This is similar to the precedence in the literature,
in which Ph;P was allylated under Tsuji—Trost reaction
conditions.** As such, we further investigated TFP as the
reaction nucleophile through decreasing both APE and TFP
simultaneously to mimic reaction progress (Figure 10). The
“same-excess” models®* ™" would afford a single line if the
TFP is acting as the nucleophile. In effect, each decreasing
concentration of APE was paired with an equally lower
concentration of TFP to mimic the reaction progressing under
the assumption that TFP is the only nucleophile. If TFP is not
consumed, the reactions with 60, 50, and 40 uM TFP would
show different rates, as indicated by Figure 3b. Further
increasing the TFP concentration (120, 110, or 100 M) at the
same APE concentrations afforded the same effect as shown in
Figure 3b.

In the same-excess experiments, we found that, unlike the
kinetic data in Figure 1, the reaction continued at the same rate
instead of slowing down over time (Figure 10). To investigate
this seemingly contradictory result, we prepared an Eyring plot
with the increased PA(NO;), concentrations (3.6 uM instead
of 9.4 nM; Figure 11 and Table S22). The higher Pd(NO;),
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Figure 11. Eyring plot with increased palladium. Conditions: 3.6 uM
Pd Pd(NO,),, 12.5 uM APE, 120 uM TFP, 10 mM NaBH,, 5% v/v
DMSO/1.23 M phosphate pH 7 buffer, 295—357 K, 30 min, n = 4 or
S. The raw data are available in Table S22 in the Supporting
Information.

concentration eliminated regime 3 at high temperatures,
because the 400-fold higher concentration of palladium
would lower the entropic penalty for the alkene association.
It is noteworthy that the higher palladium concentration
increased the AHT value from 55 + 2 to 94 + 2 kJ/mol in the
293—326 K range.

Density Functional Theory Calculations. DFT calcu-
lations were performed to provide further insights into the
TLSs of the palladium-catalyzed deallylation reaction (for
previous computational studies of Tsuji—Trost-type reactions,
see refs 21 and 88—91). The activation enthalpies and
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Figure 10. Same-excess experiments with TFP. On the right, graphs are adjusted to match the concentration of APE at given time points. (a, b)
Conditions: 3.6 uM Pd(NO;),, 10 mM NaBH,, 5% v/v DMSO/1.23 M phosphate pH 7 buffer, 293 K, n = 3. The data are available in Tables S20

and S21 in the Supporting Information.
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Figure 12. Optimized structures and activation eneréies of the transition states of allyl association (TS1), oxidative addition (TS2), and

nucleophilic attack (TS3). The computed AH* and AS

values of TS1, TS2, and TS3 are with respect to Pd-1, Pd-2, and Pd-3, respectively (see

Scheme 1). The data are available on page S21 in the Supporting Information.

entropies of three key steps of the reaction of allyl phenyl ether
with the Pd(TFP), catalyst were calculated using Gaussian 09
(see the Supporting Information for details).”” The calcu-
lations were performed using B3LYP/LANL2DZ—6-31G(d)
for geometry optimization and M06/SDD—6-311+G(d,p) for
single-point energy calculations. Thermal corrections to the
enthalpies and entropies were calculated using the gas-phase
harmonic vibrational frequencies at 298 K. Solvation effects
were taken into account in the single-point energy calculations
using the SMD solvation model”® and water as the solvent. A
few possible nucleophiles were considered in the DFT
calculations, including TFP, H,PO,”, and OH™. Among all
the nucleophiles considered in the calculations, TFP has the
lowest computed activation Gibbs free energies for the
nucleophilic attack of the (z-allyl)palladium intermediate
(Figure 12), in agreement with the aforementioned experi-
ments. The computed gas-phase AS¥ values are expected to
have large deviations from experimental data,”* though the
computed activation enthalpies (AHT) of the three key steps in
the catalytic cycle shed light on the experimentally proposed
TLSs at different temperatures.

DFT calculations indicated that the allyl association step
(TS1) is the most favorable enthalpically with a negative AH*
(—30.4 kJ/mol), supporting the proposed assignment for the
TLS of regime 3. Here, the activation enthalpy is calculated
with respect to the separate reactants (the two-coordinated
Pd(TFP), catalyst, Pd-1, and the allyl phenyl ether). The
negative activation enthalpy for this step is due to the
exothermic formation of a van der Waals complex prior to the
allyl association transition state (TS1) (see below for detailed
discussions). The computed AH* value of the oxidative
addition step (TS2, 40.9 kJ/mol) is in reasonable agreement
with the experimental value of 55 + 2 kJ/mol measured at
293—326 K (regime 1). The nucleophilic attack of the (z-
allyl)palladium complex by TFP (TS3) occurs via the outer-
sphere pathway (Figure 12). The DFT calculations signifi-
cantly overestimated the AH¥ value of the nucleophilic attack
(54.9 kJ/mol), in comparison to the experimental AH* value
in regime 2 (326—347 K). The difference between the
computational and experimental values is possibly due to the
challenges of calculating solvation effects of the cationic (-
allyl)palladium species, * as the DFT calculations and the
experiments were performed in different media (water vs
phosphate buffer) and the effects of the counteranion were not
considered in the calculations. Taken together, the computa-
tional results support the hypothesis that three different TLSs
are operating at different temperatures, although quantitative

prediction of AH¥ in phosphate buffer solution remains
challenging.

Detailed Mechanism of Allyl Association. The
computed energy profile of the association of the allyl phenyl
ether to the Pd°(TFP), complex (Pd-1) to form the 7z complex
(Pd-2) is shown in Figure 13. The reaction first forms the van
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kJ |
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Pd-2a O TS1 O\Ph
g vdW
—¥O\ complex TS1 L\ /L
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AHsor 0.0 Ts1
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-30.4 -31.7

Pd-1 -37.0
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-88.1

Figure 13. Computed energy profile of the association of the allyl
phenyl ether to the (TFP),Pd’ complex (Pd-1) to form the «
complex (Pd-2).

der Waals (vdW) complex Pd-2a, which is 37.0 kJ/mol more
stable than the separate reactants (Pd-1 and allyl phenyl ether)
in terms of enthalpies. Due to entropic effects, this vdW
complex is less stable than the separate reactants in terms of
Gibbs free energies. It should be noted that, at the low
concentrations in the present experimental study, the
formation of the vdW complex is expected to be even less
favorable. Thus, the resting state before the allyl association
should be the separate reactants (Pd-1 and allyl phenyl ether),
rather than the vdW complex Pd-2a. From the vdW complex,
the association of the double bond in the allyl phenyl ether to
the palladium to form the 7 complex Pd-2 occurs via TS1. The
enthalpy of TSI is 6.6 kJ/mol higher than that of the vdW
complex and is 30.4 kJ/mol lower than that of the resting state
(Pd-1). Thus, the overall enthalpy of activation of allyl
association from Pd-1 to TSI is negative (AH* = —30.4 kJ/
mol).
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B CONCLUSIONS

The sensitive and high-throughput fluorometric method
allowed for measuring the activation enthalpy energies at
micromolar concentrations of the substrate, revealing three
regimes. The associated TLSs were assigned as oxidative
addition (regime 1; AH* > 0), nucleophilic attack (regime 2;
AH? ~ 0), and association (regime 3; AH* < 0). It is possible
that regime 2 is a transition between regime 1 and regime 3,
although our data support the existence of regime 2. The
generality of the current findings must be examined in the
future with other substrates and phosphines. Nonetheless, this
work may provide kinetic insights into Tsuji—Trost reactions
under biological or analytical conditions. For example, with a
substrate and palladium at low micromolar to nanomolar
concentrations, the TLS may be the association step. More
broadly, the trend depicted in Figure 2b indicates that the
kinetic profile can change from regime 1 to regime 2 and even
to regime 3 as the substrate is consumed. It also suggests that
the reaction may proceed in different regimes at different
temperatures. Thus, a blueprint for developing a faster allylic
C—O bond cleavage may be to determine the regime under
which the reaction operates in order to rationally optimize the
reaction conditions accordingly.

B EXPERIMENTAL SECTION

Stock Solutions. Solutions of APE in DMSO were
prepared and stored in amber bottles at 25 °C for up to 6
months. All the TFP solutions in DMSO used in this study
were stabilized by 500 or 250 ppm butylated hydroxytoluene
(BHT) and stored in amber bottles at 25 °C for >6 months
without decomposition. Palladium solutions were prepared by
diluting a high-purity palladium standard for atomic absorption
spectroscopy (9.4 mM in 10% nitric acid) with 5% TraceMetal
nitric acid in ultrapure water immediately prior to use (within
6 h).

Reagents. Water in this study was purified by a Barnstead
Nanopure Diamond Lab Water System and distilled. Nitric
acid was TraceMetal grade. DMSO was used without
purification.

Instrumentation. All fluorescence measurements (excita-
tion 490 nm, emission $10—570 nm) were carried out using a
Promega Biosystems Modulus II Microplate Reader. Temper-
ature increments were set using an Eppendorf Mastercycler
Gradient PCR thermocycler. A temperature increment was
applied, with median autocycler temperatures of 30, 45, 60,
and 75 °C to span 20—85 °C (for example, 20, 23, 26, 29, 32,
35, and 38 °C for one experiment and 35, 38, 41, 44, 47, 50,
and 53 °C for another experiment).

Measuring Consumption of APE (Figure 1). Phosphate
pH 7 buffer (1.23 M; 9 mL), 0.2, 1.0, or 2.0 mM APE in
DMSO (250 uL), DMSO (500 uL), and 32 mM TEP in
DMSO (250 uL) were combined in separate scintillation vials.
The resulting solutions were cooled to 0 °C on ice and treated
with 500 uM Pd(NOs;), in 5% TraceMetal HNO; (20 uL) and
2.5 M NaBH, in 10 N NaOH (40 uL). These solutions were
warmed to room temperature to start the deallylation. Aliquots
(20 uL) of the solution were transferred to a black 96-well
plate containing 1.2 M phosphate pH 7 buffer (180 uL per
well) every 3 min for 21 min, followed by every 10 min for 200
min for a total of 221 min. The fluorescence was measured.
Moles of Pittsburgh Green were calculated according to our
previous work (y = 124886x + 511, where x = Pittsburgh

Green concentration in yM and y = fluorescence intensity in
arbitrary units from the instrument’) and used to measure the
product formation. The amount of remaining APE was
calculated by subtracting the amount of Pittsburgh Green
produced from the initial concentration of APE.

General Procedure for Eyring Plot Preparation. The
reaction solution on ice (200 uL; preparation described above)
was transferred to a 200 L thin-walled PCR tube, which was
capped and placed in the thermocycler with four replicates per
temperature. A 3 K temperature increment was applied, with a
median temperature as indicated, spanning a 20 K range. For
example, for the data shown in Figure 2a, four reactions were
set at 295.6, 299.0, 302.3, 305.7, 310.6, 314.0, 317.3, 320.7,
325.6, 329.0, 332.3, or 335.6 K, and the average and standard
deviation were shown for each specific temperature. In the next
experiment, the reactions were performed at 325.6, 329.0,
332.3, 335.6 340.7, 342.3, 344.0, 345.6, 347.3, 349.0, 350.6,
and 352.3 K so that there is an overlap at 325.6, 329.0, 332.3,
and 335.6 K. If the overlapped range showed discrepancy, we
repeated the experiment until the overlap was acceptable for
normalization. After the indicated time for each experiment,
the PCR tubes were removed from the thermocycler and
cooled to 0 °C on ice, and each solution (180 uL) was
transferred to a black 96-well plate to measure fluorescence.
Moles of Pittsburgh Green were calculated according to the
method described above. The natural log of the rate against the
inverse of the temperature was plotted to afford an Eyring plot
for each condition tested. Data were plotted and analyzed
using GraphPad Prism 8.1.2.

Eyring Plot with 12.5-50 uM APE(Figure 2a).
Phosphate pH 7 buffer (1.23 M; 9.5 mL), 4.8 mM TFP in
DMSO (250 uL), and 0.5, 1.0, or 2.0 mM APE in DMSO (250
uL) were combined in separate scintillation vials. The resulting
solutions were cooled to 0 °C on ice. These solutions were
treated with 4.7 uM Pd(NO;), in 5% TraceMetal HNO; (20
uL) and 2.5 M NaBH, in 10 N NaOH (40 yL). A temperature
increment was applied for 30 min, with median autocycler
temperatures of 30, 45, 60, and 75 °C to span 20—85 °C. The
resulting reaction solutions were analyzed according to General
Procedure for Eyring Plot Preparation (n = 3).

Eyring Plot with 60—240 uM TFP (Figure 3a).
Phosphate pH 7 buffer (1.23 M; 9.5 mL), 0.5 mM APE in
DMSO (250 yL), and 2.4, 4.8, or 9.6 mM TEP in DMSO (250
uL) were combined in separate scintillation vials. These
solutions were cooled to 0 °C on ice and treated with 4.7 uM
Pd(NO;), in 5% TraceMetal HNO; (20 pL) and 2.5 M
NaBH, in 10 N NaOH (40 yL). A temperature increment was
applied for 30 min, with median autocycler temperatures of 30,
45, 60, and 75 °C to span 20—85 °C. The resulting reaction
solutions were analyzed according to General Procedure for
Eyring Plot Preparation (n = 3).

TFP Concentration Dependence (Figure 3b). Phos-
phate pH 7 buffer (1.23 M; 15644 uL), 800 uM APE in
DMSO (250 pL), 9.4 uM Pd(NO,), (16 L), 2.5 M NaBH, in
10 N NaOH (64 L), and DMSO (26.2 uL) were combined in
a scintillation vial. Aliquots (969 uL per vial) of the resulting
solution were transferred to 2 mL vials and cooled on ice.
These aliquots were treated with 0, 0.322, 0.643, 0.965, 1.286,
1.608, 1.929, 2.251, 2.572, 2.894, 3.215, 3.537, 3.859, 4.180, or
4.502 mM TEFP in DMSO (31 uL). The resulting solutions
were transferred to PCR tubes (200 pL) and incubated at 45,
66, or 80 °C for 30 min. The resulting reaction solutions were
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analyzed according to General Procedure for Eyring Plot
Preparation (n = 3).

Eyring Plot with 0.3—1.2 M Phosphate lons (Figure
4a). Phosphate pH 7 buffer (0.3, 0.6, or 1.23 M; 9.5 mL), 0.5
mM APE in DMSO (250 uL), and 4.8 mM TFP in DMSO
(250 uL) were combined in separate scintillation vials. The
resulting solutions were cooled to 0 °C and treated with 4.7
uM Pd(NO,), in 5% TraceMetal HNO; (20 L) and 2.5 M
NaBH, in 10 N NaOH (40 yL). A temperature increment was
applied for 30 min, with median autocycler temperatures of 30,
45, 60, and 75 °C to span 20—85 °C. The resulting reaction
solutions were analyzed according to General Procedure for
Eyring Plot Preparation (n = 4).

Phosphate Concentration Dependence (Figure 4b).
Phosphate pH 7 buffer (1.23 M; 4.08 mL), S00 uM APE in
DMSO (120 4L), 3.2 mM TEP in DMSO (120 uL), and 50 or
0 nM Pd(NO,), in 5% TraceMetal HNO, (480 uL) were
mixed in a scintillation vial (solution A with palladium or
solution B without pallladium). Water (18.764 mL), 235 uM
APE in DMSO (1.148 mL), 3.2 mM TEP in DMSO (540 pL),
and 94 nM Pd(NO,), in water (1148 uL) were mixed in a
scintillation vial (solution C). Water (19.912 mL), 235 uM
APE in DMSO (1.148 mL), and 3.2 mM TEP in DMSO (540
uL) were mixed in a scintillation vial (solution D). All resulting
solutions were cooled to 0 °C on ice. Solution C (200 xL) was
added to wells rows A—D columns 2—7, and solution D (200
uL) was added to wells rows E—H columns 2—7. Solution A
(340 uL) was added to wells rows A—D column 1, and
solution B (340 uL) was added to wells rows E—H column 1 in
a 96-well plate (1 mL per well). Serial dilutions (1.4-fold) were
performed by mixing an aliquot (140 uL) from wells in column
1 to wells in column 2, mixing, and continuing until wells in
column 7 were mixed. The last 140 yL was discarded from
wells in column 7. Each solution in these wells was treated with
100 mM NaBH, in 10 N NaOH (20 uL) to prepare solutions
with 10 mM NaBH,. The resulting solutions were transferred
to PCR tubes (200 uL) and incubated at 45, 66, or 80 °C for
30 min. The resulting reaction solutions were analyzed
according to General Procedure for Eyring Plot Preparation
(n =3).

Eyring pPlot with 0-10 mM NaBH, (Figure 5a).
Phosphate pH 7 buffer (1.23 M; 9.5 mL), 0.5 or 2.0 mM APE
in DMSO (250 uL), and 4.8 mM TFP in DMSO (250 uL)
were combined in a scintillation vial. The resulting solutions
were cooled to 0 °C and treated with 4.7 uM Pd(NO;), in 5%
TraceMetal HNO; (20 pL) and 0, 0.025, 0.250, or 2.5 M
NaBH, in 10 N NaOH (40 uL). A temperature increment was
applied for 30 min, with median autocycler temperatures of 30,
45, 60, and 75 °C to span 20—85 °C. The resulting reaction
solutions were analyzed according to General Procedure for
Eyring Plot Preparation (n = S).

NaBH, Concentration Dependence (Figure 5b).
Phosphate pH 7 buffer (1.2 M; 2.04 mL), 500 yuM APE in
DMSO (60 L), 3.2 mM TEP in DMSO (60 L), and 85 or 0
nM Pd(NO,;), in 5% TraceMetal HNO, (240 uL) were mixed
in a scintillation vial (solution E with palladium or solution F
without palladium). Phosphate pH 7 buffer (1.23 M; 9.382
mL), 235 uM APE in DMSO (574 uL), 32 mM TFP in
DMSO (270 uL), and 188 or 0 nM Pd(NO,), in 5%
TraceMetal HNO, (574 uL) were mixed in a scintillation vial
(solution G with palladium or solution H without palladium).
All solutions were cooled to 0 °C on ice. Solution G (200 uL)
was added to wells rows A—D columns 2—12 of a black 96-well

plate, and solution H (200 yL) was added to wells rows E—H
columns 2—12. Solution E (360 xL) and 640 uM NaBH, (40
uL) in 10 N NaOH were added to wells rows A—D column 1.
Solution F (360 uL) and 640 uM NaBH, (40 uL) were added
to wells rows E—H column 1. Twofold serial dilutions were
performed by taking an aliquot (200 yL) from wells in column
1, adding to wells in column 2, mixing, and continuing until
wells in column 12 were mixed. The last 200 uL was discarded
from wells in column 12. The resulting solutions (200 uL)
were transferred to PCR tubes and incubated at 45, 66, or 80
°C for 60 min. The resulting reaction solutions were analyzed
according to General Procedure for Eyring Plot Preparation (n
=3).

Pd Concentration Dependence (Figure 6a). Phosphate
pH 7 buffer (1.23 M; 18.8 mL), 800 uM APE in DMSO (348
4L), 32 mM TEP in DMSO (83 uL), 2.5 M NaBH, in 10 N
NaOH (89 uL), and DMSO (680 uL) were mixed in a
scintillation vial. An aliquot of the resulting solution (900 uL)
was treated with 0, 7, 9, 11, 13, 15, 18, 22, 26, 31, 38, 45, 54,
65, 78, or 94 nM Pd(NO,), in 5% TraceMetal HNO; (100
uL). The resulting solutions were transferred to PCR tubes
(230 uL) and incubated at 45, 66, or 80 °C for 30 min. The
resulting reaction solutions (230 uL) were analyzed according
to General Procedure for Eyring Plot Preparation (n = 3).

APE Concentration Dependence (Figure 6b,c). Phos-
phate pH 7 buffer (1.23 M; 2.04 mL), 2.56 mM APE in
DMSO (60 uL), 3.2 mM TEP in DMSO (60 yL), and 85 or 0
nM Pd(NO;), in 5% TraceMetal HNO, (240 uL) were mixed
in a scintillation vial (solution I with palladium or solution J
without palladium). Phosphate pH 7 buffer (1.23 M; 9.956
mL), 3.2 mM TFP in DMSO (270 uL), and 188 or 0 nM
Pd(NO;), in 5% TraceMetal HNO; (573.6 uL) were mixed in
a scintillation vial (solution K with palladium or solution L
without palladium). All solutions were cooled to 0 °C on ice.
Solution K (180 uL) was added to wells rows A—D columns
2—8, and solution L (180 uL) was added to wells rows E—H
columns 2—8. Solution I (300 uL) was added to wells rows A—
D column 1, and solution J (300 pL) was added to wells rows
E—H column 1. Serial dilutions (1.5-fold) were performed by
taking an aliquot (120 L) from wells in column 1, adding to
wells in column 2, mixing, and continuing until wells in column
8 were mixed. The last 120 yL was discarded from wells in
column 8. Each well was treated with 100 mM NaBH, in 10 N
NaOH (20 uL). The resulting solutions (200 uL) were
transferred to PCR tubes and incubated at 45, 66, or 80 °C for
30 min. The resulting reaction solution was analyzed according
to General Procedure for Eyring Plot Preparation (n = 3).

Eyring Plot with 5 or 10% DMSO (Figure 7a).
Phosphate pH 7 buffer (1.23 M; 9.50 mL), 500 uM APE in
DMSO (250 uL), and 4.8 mM TFP in DMSO (250 uL) were
combined in a scintillation vial. In a separate scintillation vial,
phosphate pH 7 buffer (1.23 M; 9.00 mL), 500 uM APE in
DMSO (250 pL), 48 mM TEP in DMSO (250 uL), and
DMSO (500 uL) were combined. All resulting solutions were
cooled to 0 °C on ice and treated with 4.7 uM Pd(NO,), in
5% TraceMetal HNO; (20 pL) and 2.5 M NaBH, in 10 N
NaOH (40 puL). A temperature increment was applied for 30
min, with median autocycler temperatures of 30, 45, 65, °C to
span 20—75 °C. The resulting reaction solution was analyzed
according to General Procedure for Eyring Plot Preparation (n
=3orS).

Effect of DMSO Concentration (Figure 7b). Phosphate
pH 7 buffer (1.23 M; 1.64 mL), 3.3 mM APE in DMSO (7.5
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uL), 16, 9.6, 5.3, 3.7, 2.3, 1.7, 1.1, 0.787, 0.516, or 0.384 mM
TFP in DMSO (312.5, 232.5, 152.5, 112.5, 72.5, 52.5, 32.5,
22.5, 12.5, or 7.5 uL), and water (0, 80, 160, 200, 240, 260,
280, 290, 300, or 305 uL) were combined in scintillation vials
to prepare solutions (1.96 mL). These solutions (1.96 mL)
were treated with 1.0 M NaBH, in 10 N NaOH (20 L) and
1.0 uM Pd(NO,), in 5% TraceMetal HNO; (20 uL). The
reaction mixtures (200 uL) were transferred to PCR tubes and
incubated at 45, 60, or 80 °C for 60 min. The resulting
reaction solution was analyzed according to General Procedure
for Eyring Plot Preparation (n = 4).

Effect of DMSO on TFP—Palladium Binding (Figure
7d—f). Phosphate pH 7 buffer (1.10, 1.13, or 1.20 M; 6.615,
6.440, or 6.090 mL), DMSO (35, 210, 560 uL), and 1 mM
APE in DMSO (70 pL) were combined in a scintillation vial.
The resulting solutions (960 yL) were treated with S00 mM
NaBH, in 10 N NaOH (20 yL) and 1 uM Pd(NO,), in 5%
TraceMetal HNO, (10 uL) followed by 20, 13.3, 8.89, 5.93, or
3.95 mM TFP in DMSO (10 uL). The resulting solutions were
transferred to PCR tubes (230 pL) and incubated at 45, 66, or
80 °C for 30 min. The resulting reaction solutions (200 uL)
were analyzed according to General Procedure for Eyring Plot
Preparation (n = 3).

Competition Experiment (Figure 8). In two separate
scintillation vials, phosphate pH 7 buffer (1.23 M; 945.1 uL),
800 uM APE in DMSO (15.6 uL), 32 mM TFP in DMSO
(3.75 uL), and 2.5 M NaBH, in 10 N NaOH (4 uL) were
combined. The solution in vial 1 was diluted with DMSO
(30.7 uL). The solution in vial 2 was treated with 3.25 mM
phenyl allyl ether in DMSO (3.9 L) and DMSO (26.8 uL).
The two solutions were treated with 10 uM Pd(NO;), (0.94
uL). The resulting solutions were transferred to PCR tubes
(230 uL) and incubated at 45, 66, or 80 °C for 30 min. The
resulting reaction solutions (230 L) were analyzed according
to General Procedure for Eyring Plot Preparation (n = 3).

Determination of TFP as Nucleophile Using “Same
Excess” Measurements with Optimized TFP Conditions
(Figure 10a). Phosphate pH 7 buffer (1.23 M; 1.9 mL), 2.4
mM APE in DMSO (50 L), and 3.2 mM TEP in DMSO (50
uL) were combined in a scintillation vial to prepare a solution
of 60 M APE and 80 uM TFP. Phosphate pH 7 buffer (1.23
M; 1.9 mL), 2.0 mM APE in DMSO (50 xL), and 2.8 mM
TFP in DMSO (50 uL) were combined to prepare a solution
of SO uM APE and 70 uM TFP. Phosphate pH 7 buffer (1.23
M; 1.9 mL), 1.6 mM APE in DMSO (50 yL), and 2.4 mM
TFP in DMSO (50 uL) were combined to prepare a solution
of 40 uM APE and 60 yM TFP. All resulting solutions were
cooled to 0 °C on ice and treated with 180 uM Pd(NO;), in
5% TraceMetal HNO; (40 uL) and 500 mM NaBH, in 10 N
NaOH (40 puL). The resulting solutions were warmed to 24 °C
to start the deallylation. At 10 min intervals, an aliquot (20 uL)
was transferred to phosphate pH 7 buffer (1.23 M; 180 uL),
and the resulting diluted solution was analyzed according to
General Procedure for Eyring Plot Preparation (n = 3) to
monitor the reactions for 120 min.

Determination of TFP as a Nucleophile Using “Same
Excess” Measurements with Excess TFP Conditions
(Figure 10b). Phosphate pH 7 buffer (1.23 M; 1.9 mL), 2.4
mM APE in DMSO (50 L), and 4.8 mM TEP in DMSO (50
uL) were combined in a scintillation vial to prepare a solution
of 60 uM APE and 120 uM TFP. Phosphate pH 7 buffer (1.23
M; 1.9 mL), 2.0 mM APE in DMSO (50 uL), and 4.4 mM
TFP in DMSO (50 uL) were combined to prepare a solution

of 50 uM APE and 110 uM TFP. Phosphate pH 7 buffer (1.23
M; 1.9 mL), 1.6 mM APE in DMSO (50 yL), and 4.0 mM
TFP in DMSO (50 uL) were combined to prepare a solution
of 40 uM APE and 100 uM TFP. All resulting solutions were
cooled to 0 °C on ice and treated with 180 yuM Pd(NO,), in
5% TraceMetal HNO; (40 yL) and 500 mM NaBH, in 10 N
NaOH (40 pL). The resulting solutions were warmed to 24 °C
to start the deallylation. At 10 min intervals, an aliquot (20 uL)
was transferred to 1.23 M phosphate pH 7 buffer (180 uL),
and the resulting diluted solution was analyzed according to
General Procedure for Eyring Plot Preparation (n = 3) to
monitor the reactions for 120 min.

Eyring Plot with 3.6 gM Palladium (Figure 11).
Phosphate pH 7 buffer (1.23 M; 9.5 mL), 800 yM APE in
DMSO (250 uL), and 4.8 mM TFP in DMSO (250 uL) were
combined in a scintillation vial. The resulting solution was
cooled to 0 °C on ice and treated with 1.8 mM Pd(NO;), in
5% TraceMetal HNO; (20 pL) and 2.5 M NaBH, in 10 N
NaOH (40 uL). A temperature increment was applied for 30
min, with median autocycler temperatures of 30, 45, 60, and 75
°C to span 20—85 °C. The resulting reaction solutions were
analyzed according to General Procedure for Eyring Plot
Preparation (n = 4 or S).

Effect of Phosphate lons on TFP—Palladium Binding
(Figure S2). Phosphate pH 7 buffer (1.23 M; 18 mL) or
phosphate pH 7 buffer (1.23 M; 7.32 mL) and water (10.68
mL) and 800 uM APE in DMSO (459 uL) were combined in
a scintillation vial. Each solution (975 uL) was transferred to 2
mL Eppendorf tubes and treated with 0, 0.5, 1.0, 2.0, 4.0, or 8.0
mM TEP solutions in DMSO (25 puL). The resulting solutions
were treated with 23.5 yM Pd(NO;), in 5% TraceMetal
HNO; (20 L;) and 500 mM NaBH, in 10 N NaOH (20 uL).
The resulting reaction solution (200 L) was transferred to a
black 96-well fluorescence plate, and fluorescence was recorded
initially and after incubation at 25 °C for 60 min. The resulting
solutions (200 uL) were incubated at 45 °C for 60 min and
analyzed according to General Procedure for Eyring Plot
Preparation.
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