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ABSTRACT: Thermodynamic acidity is one of the most widely used
quantities for characterizing proton transfer reactions. Measurement of
these values for catalytically relevant species can be challenging, often
requiring direct observation of equilibria. The C−H bonds of aromatic
substrates are proposed to become substantially polarized during
electrophilic activation, but quantifying the absolute acidity of the
intermediate M(η2-arene) complexes is highly challenging. Using a
system that intercepts nascent protons at electrophilic PdII arene
complexes, a combined experimental and computational study has
demonstrated these C−H bonds to be far more acidic (pKa

CH3CN = 3−6) than many “nonbasic” substrates and additives that are
present in electrophilic C−H activation catalysis, and the catalytic roles of these species may need to be reassessed.

■ INTRODUCTION
Nonpolar C−H bonds are notoriously difficult to break, often
requiring preactivation prior to cleavage. Although a vast array
of synthetic tactics have been developed, many strategies
involve electrophilic activation.1−6 Aromatic substrates are
particularly susceptible to this form of attack due to the
interaction between π-electrons and electrophilic metal
centers. Substrate coordination to electrophiles increases
acidity by many orders of magnitude,7,8 and determining the
degree of substrate acidification is important for understanding
and predicting the course of protogenic reactions.
Electrophilic activation pathways are essential to Electro-

philic Aromatic Substitution (SEAr)
9,10 and Concerted Metal-

ation Deprotonation (CMD)11−13 mechanisms in late-metal
C−H functionalizaton.2,14 Bonding between aromatic π-
orbitals and metals is electronically flexible, and the two-
electron M−arene interactions relevant to M−Caryl bond
formation can be described on a continuum between η2-arene
and η1-arenium extremes (Figure 1).15,16 These intermediates

are implicated in electrophilic activation of aromatic molecules,
wherein nucleophiles deprotonate the acidified C−H bond
with concomitant metalation. The driving force for this
metalation, which is ultimately a proton transfer reaction,
can be expressed as a difference in acidity (ΔpKa) between the
η2-arene complex and protonated base product (Figure 1,
right).

For a given nucleophile, ΔpKa is also a direct reflection of
the acidification of the substrate C−H bond. Characterizing
and tracking these acidity changes is essential to energy-
matching of reaction intermediates.17,18 Despite the obvious
importance to late-metal arylation chemistry, it is usually
impossible to directly measure the relevant equilibria to
determine the extent of substrate acidification. The intrinsically
high reactivity of late-metal arene complexes and competitive
binding of exogenous nucleophiles (e.g., solvents and Brønsted
bases) usually render the π-bound intermediates unobservable.
Catalytic systems often rely on small, anionic, terminal bases
(e.g., CO3

2−, CH3CO2
−) and weakly polar solvents (e.g., THF,

toluene), both of which complicate the calculation of relative
acidities of relevant intermediates. Thus, although the
energetics of proton transfers (ΔG° and ΔG⧧) can be readily
calculated to evaluate competing mechanisms, relating those
values back to thermodynamic acidities requires accurately
calculating the standard states of base and conjugate acid and
using a solvent with an absolute pKa scale (e.g., relative to
protonated solvent). Circumventing these limitations is critical
to determining the pKa of metal-bound arene C−H bonds.
One strategy for avoiding the aforementioned complications

is to employ a pendant-base ligand that is capable of
intercepting the C−H activation product prior to intermo-
lecular proton loss without hindering the formation of the η2-
arene intermediate. The present work reports efforts to study
Pd-mediated C−H activation using this approach, wherein a
basic pyrrolidine moiety is tethered to an electrophilic PdII

complex bearing highly labile ancillary ligands.

■ RESULTS AND DISCUSSION
Addition of 2,2′-(1-(pyrrolidin-1-yl)ethane-1,1-diyl)dipyridine
(pyrCPy2)

19 to a dichloromethane suspension of Pd(OAc)2
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Figure 1. In base-mediated arene activation, η2-coordination activates
C−H bonds toward deprotonation via exogenous bases.
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leads to precursor (pyrCPy2)Pd(OAc)2, which releases HOAc
upon treatment with 2 equiv of the strong acid [H(OEt2)2]-
[BArF4] (ArF = C6F5) in the presence of excess pentafluor-
obenzonitrile (NCArF) to yield purple [(pyrCPy2)Pd-
(NCArF)2][BAr

F
4]2 (Scheme 1). When recrystallized from a

1:1 solution of CH2Cl2/Et2O, the ether adduct [(pyrCPy2)Pd-
(NCArF)(OEt2)][BAr

F
4]2 can be isolated as red crystals. Both

complexes are active for aryl C−H activation, with the ether
adduct being more useful for kinetic studies with weakly
binding substrates.
Although stable in CH2Cl2 solution for days at elevated

temperatures (∼50 °C, sealed tube), [(pyrCPy2)Pd-
(NCArF)2]

2+ is highly reactive with aryl C−H bonds in
substrates bearing directing groups. When treated with 2-
phenylpyridine (2-PhPy) or benzophenone (Ph2CO), for-
mation of N-protonated (pyrrolidinium) cyclometalated
products occurs readily at low temperature (<0 °C, Scheme
2), although the kinetics are complicated by competing
equilibria. For example, the orthometalation of 2-PhPy appears
to be mediated by the substrate itself, forming the cyclo-
metallate monocation as the kinetic product alongside half an
equivalent of 2-PhPyH+ (pKa(NH) = 11.9 in CH3CN).

20,21

Although 2-PhPy is evidently more basic than the pendant
pyrrolidinium (see below), protonation equilibria must
regenerate free 2-PhPy and allow formation of the N-
protonated cyclometallate [(pyrHCPy2)Pd(κ

2-C,N-PhPy)]2+ as
the thermodynamic product. Orthometalation of benzophe-
none is also facile, although considerably slower due to
competitive binding of NCArF relative to the benzophenone
oxygen, and both electrophilic Pd complexes exhibit complex
reaction kinetics that are still under study. The free-base
cyclometallate monocations [(pyrCPy2)Pd(κ

2-C,N-PhPy)]+

and [(pyrCPy2)Pd(κ
2-C,O-PhBz)]+ are readily prepared from

addition of K2CO3, and can be cleanly reprotonated with
[H(OEt2)2][BAr

F
4]. The protonated and unprotonated species

can all be isolated in crystalline form; the solid-state structures
of [(pyrHCPy2)Pd(κ

2-C,O-PhBz)]+ and [(pyrCPy2)Pd(κ
2-C,O-

PhBz)]+ are shown in Figure 2.
The driving force for any proton transfer reaction can be

expressed as the difference of the acidities of each protonated
species (i.e., ΔG° = 1.37ΔpKa). Accordingly, since the
intermediate η2-arene complexes are clearly less stable than
the N-protonated cyclometallates, the pendant pyrrolidinium
must be less acidic than the C−H bond of the η2-arene.

Determining the absolute acidity of the target Pd-bound C−H
bond requires (1) an anchor complex that is stable in the
solvent of choice (i.e., the N-protonated cyclometallate) and
(2) knowledge of the free energy difference (via ΔpKa)
between the target and the anchor complex (i.e., the driving
force of cyclometalation and proton transfer, ΔGcymet):
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Acid−base equilibria between [(pyrCPy2)Pd(κ
2-C,N-

PhPy)]+ and two reference acids (BArF4
− salts of 2-

methylanilinium and N,N-dimethylanilinium) were measured
in acetonitrile, yielding a pKa of 11.1(1) for the pendant
pyrrolidinium in the 2-PhPy cyclometallate (details in the
Supporting Information). The pyrrolidine moiety in the
dicationic complex is considerably less basic than the parent
base N-methylpyrrolidine (pKa(NH) = 18.42 in CH3CN),

22 a
fact that is consistent with known correlations between acidity
and charge.23

This complex is our experimental reference point for other
complexes in the study; displacement of the labile ketone by
CH3CN thwarted attempts to directly measure the basicity of
the pyrrolidine in [(pyrCPy2)Pd(κ

2-C,O-PhBz)]+. Although
both the protonated and unprotonated forms are stable on
their own in CH2Cl2, [(

pyrHCPy2)Pd(κ
2-C,O-PhBz)]+ rever-

sibly reacts with anilines to form an as-yet unidentified product
and thus cannot be directly subjected to pKa measurements.
The pendant pyrrolidine readily exchanges with [(pyrHCPy2)-
Pd(κ2-C,N-PhPy)]2+, however, and the ΔpKa between these
two N-protonated cyclometallates can be readily measured
(0.1(1), where the [(pyrHCPy2)Pd(κ

2-C,O-PhBz)]2+ is less
acidic). Given the relatively minor differences between these

Scheme 1. Synthesis and Solid State Structures of the
BArF4

− Salts of [(pyrCPy2)Pd(NCAr
F)2]

2+ and
[(pyrCPy2)Pd(NCAr

F)(OEt2)]
2+ (ArF = C6F5) Plotted with

30% Probability Ellipsoids

Scheme 2. Binding and Cyclometallation of 2-
Phenylpyridine (Left) and Benzophenone (Right) at
[(pyrCPy2)PdL2]

2+ (L2 = (NCArF)2 and (NCArF)(Et2O))
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pyrrolidines, the small difference in pKa is unsurprising and
likely to be conserved in CH3CN.
The free energy for cyclometalation and proton transfer

(ΔGcymet) is less accessible with experimentation alone.
Although such species are along the path from substrate to
activation product24 and related complexes have even been
observed and crystallized on occasion,15,25−30 the Pd(η2-arene)
intermediates in the present report have not yet been directly
observed. As discussed above, however, accurate free energies
for intramolecular proton transfers are calculable via modern
DFT methods. In the present case, since the process is formally
unimolecular and there is no net change in complex charge,
many of the potential issues with DFT studies are mitigated.
The calculated structures for the N-protonated and non-
protonated cyclometallates agree well with the solid-state
structures, and the structural parameters for the Pd(η2-arene)
structures are consistent with related compounds from prior
computational investigations and structures characterized in
the solid state (see Supporting Information for more
details).15,25 The ΔGcymet for C−H activation of bound 2-
phenylpyridine (Figure 3) is calculated to be −9.5 kcal/mol in

CH3CN with the M06-2X functional,31 def2-basis sets (def2-
QZVP for Pd and def2-TZVP for all other atoms),32 and a
continuum-based solvation model (SMD).33

A survey of functionals (M06-L, M06-2X, ωB97XD, and
B3LYP) and solvation models (SMD and CPCM) revealed a
relatively narrow range of values for ΔG°cymet, for 2-PhPy
(−7.2 to −11.4 kcal/mol, considering both CH3CN and
CH2Cl2); thus, the chosen benchmark value of −9.5 kcal/mol
is likely to be a reasonable estimate of the real value.

Since both the protonated and unprotonated forms are
stable in acetonitrile, the pKa of the pyrrolidinium in
[(pyrHCPy2)Pd(κ

2-C,N-PhPy)]2+ can be used as an anchor
for other compounds. The pKa of [(pyrHCPy2)Pd(κ

2-C,O-
PhBz)]2+, for example, can be computationally derived from an
isodesmic proton transfer and the pKa of its η

2-arene precursor
determined from the DFT-derived ΔGcymet. The combined
results of the experimental and computational investigations
are presented in Figure 4, where the pKa values in CH3CN are

Figure 2. Calculated structure of [(pyrCPy2)Pd(κ
2,η2-Ph,CCH-PhBz)]2+ (left) and the solid state structure of [(pyrHCPy2)Pd(κ

2-C,O-PhBz)]2+

(middle) and [(pyrCPy2)Pd(κ
2-C,O-PhBz)]+ (right) plotted with 30% probability ellipsoids. Anions (SbF6

− or BArF4
−) and hydrogen atoms (except

for the ortho-C−H of the η2-arene complex and nascent N−H) have been omitted. See Table S3 for a list of relevant distances and angles.

Figure 3. Calculated structures and relative energy (ΔG°cymet,
CH3CN solvent) of [(pyrCPy2)Pd(κ

2,η2-CCH,N-PhPy)]2+ and
[(pyrHCPy2)Pd(κ

2-C,N-PhPy)]2+. Computational details and struc-
tural parameters for all calculated species are available in the
Supporting Information.

Figure 4. Graphical depiction of literature (black),34 experimental
(red), and calculated (blue) pKa values in CH3CN (as absolute values,
relative to [CH3CNH]

+) and CH2Cl2 (as relative values). The
experimentally and computationally derived equilibria that lead to
these pKa values are shown on the arrows between relevant species.
Note that the relative order of 2-methylaniline and the N-protonated
Pd-cyclometallates of benzophenone and 2-phenylpyridine changes
between solvents.
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relative to those of CH3CNH
+ and those in CH2Cl2 are relative

to those of the most acidic compound in this study. In cases
where experimental equilibria were measured within a given
solvent, experimental ΔpKas were used instead of DFT-derived
values.
On the basis of a brief comparison between experimental

and DFT-derived pKa’s, the calculated C−H acidities of the η2-
arene complexes are likely to be overestimated by 1−2 pKa
units. For example, the calculated ΔpKa between reference
anilinium acids in CH3CN (2.8) is significantly larger than the
experimental value (1.1), and is calculated to be larger still in
CH2Cl2 (3.6). This difference is significantly larger than
expected on the basis of known aniline basicity trends in
dichloroethane (which should be similar to dichloro-
methane)35 and may be a result of ignoring discrete solvation
or ion-pairing effects. Nonetheless, the calculated ΔpKa
between the two N-protonated cyclometallates in CH2Cl2
(0.4) is much closer to the experimental value (0.1(1)) than
those calculated between Pd species and anilines and suggests
those values are more accurate. For these reasons, the
calculated C−H acidities reported here are assumed to be
upper estimates (i.e., the real pKa values are somewhat higher
than computed by DFT).
The modest energy difference between the η2-arenes and

their cyclometalated products suggested that protolytic arene
exchange would be kinetically observable. Since C−H
activation of Ph2CO by [(pyrCPy2)Pd(NCAr

F)2]
2+ is fast

above 20 °C, kinetic limitations of protolytic aryl exchange
would be largely due to the energetic cost of accessing the η2-
arene intermediate (i.e., ΔG°cymet). Indeed, heating a CD2Cl2
solution of [(pyrHCPy2)Pd(κ

2-C,O-PhBz)]2+ with 20 equiv of
benzophenone-d10 in a sealed NMR tube led to ∼90%
conversion to [(pyrDCPy2)Pd(κ

2-C,O-PhBz-d9)]
2+ within 8

days at 60 °C. Studies are ongoing with ligand frameworks
bearing weaker pendant bases to examine the kinetic and
thermodynamic landscape of protolytic arene exchange.
The high acidity of PdII(η2-arene) C−H bonds (e.g.,

pKa
CH3CN of 3−6 in the present study) implies that polar

solvents, ancillary additives, byproducts and impurities may
play important roles in Pd-catalyzed electrophilic C−H
activation. Even deprotonation reactions that are formally
unfavorable (negative ΔpKa) may be mechanistically relevant,
as a ΔpKa of −2 would correspond to a free energy cost of only
∼3 kcal/mol (under standard conditions). Indeed, the pKa
values (CH3CN) for the conjugate acids of water (pKa[H3O

+]
= 2.15),36 “spectator” anions (pKa[HOTf] = 2.60, pKa[HCl] =
8.94),37,38 N- and P-based ligands (pKa[HNR3] = 1−19,
pKa[HPR3] = 4−16),39 and common organic functional groups
(e.g., amides, pKa[NCOH+] = 5−7)40 are such that these
moieties may be kinetically competent for deprotonation of
acidic C−H bonds. Additionally, many potential bases are
subject to homoconjugation equilibria that increase their
apparent basicity (e.g., pKa[H (MeOH)2

+] = 3.1, pKa[H-
(H2O)3

+] = 4.52, pKa[Cl−H−Cl−] = 11.17);36,37 thus, the
deprotonation potential of many substrates and/or additives
may have a significant concentration dependence.
Solvation is of critical importance when evaluating absolute

and relative acidities. Polar solvents will stabilize charged
species more than nonpolar solvents, but polar solvents can
also mitigate acidity differences (e.g., ΔpKa) more than
nonpolar solvents,41 such that there can be considerable
variation in the relative pKa values of acids in different solvents.
For example, although the pKa of methanol in CH3CN (as the

homoconjugate H(CH3OH)2
+) is only 3.1; addition of ∼30

equiv of methanol to yellow [(pyrHCPy2)Pd(κ
2-C,O-PhBz)]2+

in CH2Cl2 results in complete deprotonation and formation of
red [(pyrCPy2)Pd(κ

2-C,O-PhBz)]+. Conversely, addition of 1
equiv of crystalline [H(CH3OH)1.5]

+[BArF4]
− to solutions of

[(pyrCPy2)Pd(κ
2-C,O-PhBz)]+ results in complete pyrrolidine

protonation. Thus, protonated methanol (likely as the
homoconjugate H(CH3OH)2

+) is only slightly less acidic
than the pyrrolidinium proton in [(pyrHCPy2)Pd(κ

2-C,O-
PhBz)]2+ in CH2Cl2 (e.g., ΔpKa ∼ 1−2). Since the
corresponding η2-arene intermediate is more acidic, C−H
deprotonation by methanol would by favorable by ∼5−7 kcal/
mol.
These results quantify the substantial increase in the acidity

of arene C−H bonds upon coordination. Although absolute
pKa values for arenes are essentially impossible to measure
directly (since they require the formation of free aryl anions in
solution), the pKa of benzene can be estimated by a series of
thermochemical cycles to be 48 in CH3CN.

42−45 Thus, as is
observed with H2 coordination to electrophilic metals,46

coordination of arenes to PdII can increase the acidity of C−
H bonds by ≥40 orders of magnitude.

■ CONCLUSIONS

Many of the computational investigations of related catalytic
systems have focused on intramolecular C−H activation by
basic additives already bound to Pd.47 The present report
highlights the potential mechanistic importance of intermo-
lecular activations, given that many additives are basic enough
to participate. Water contamination may be especially
important,48 as water molecules are kinetically adept at
relaying protons from acidified substrates.49−52 The C−H
pKa’s presented here may even be an upper estimate on what
may be operative in some systems (e.g., those using Ag+

additives), given the potential for Ag+ to increase apparent
electrophilicity by forming Pd−Ag bimetallics or facilitating
access to Pd(III) species.53−55 Studies are ongoing to
determine the kinetic role (if any) of the pendant amine,
weakly basic substrates (e.g., Ph2CO), and inadventious
solvents (e.g., Et2O) in the C−H activation of η2-arene
intermediates. These experiments are part of a longer-term
effort to use pKa and ligand-binding equilibria to determine
heterolytic M−C bond dissociation energies (ΔGR−).

■ EXPERIMENTAL SECTION
General. All operations were performed at an altitude of 7220 ft

(ambient pressure 0.77 atm); a list of pressure-corrected boiling
points for the solvents used in this report can be found in the
Supporting Information. Unless otherwise noted, solvents used in
syntheses were purified by passing through the neutral alumina
columns of an Innovative Technology, Inc., Pure Solv purification
system, followed by degassing and storage in a glovebox over activated
3 Å molecular sieves. Elemental analyses were performed by Atlantic
Microlab in Norcross, GA. Syntheses reported to occur at “ambient
temperature” should be taken as 22 ± 3 °C. The compounds 1-
pyrrolidinyl-1,1-(2,2-dipyridyl)ethane (pyrCPy2) and [H(OEt2)2][B-
(C6F5)4] (from KB(C6F5)4, purchased from Boulder Scientific) were
prepared according to published procedures.19,56 Synthetic details and
characterization data for the BArF4

− salts of 2-methylanilinium, 2,6-
diisopropylanilinium, and N,N-dimethylanilinium are available in the
Supporting Information. All other starting materials were purchased
from Strem or Sigma-Aldrich and used as received.

NMR Spectroscopy. All operations utilized resealable NMR tubes
(J. Young). Unless otherwise noted, NMR experiments were taken at
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26.5 ± 1 °C. Temperatures quoted for NMR experiments are based
on calibrations and have an uncertainty of ±0.5 °C. NMR spectra
were obtained on a BRUKER 400 spectrometer. NMR chemical shifts
are reported relative to deuterated solvent signals (for 13C NMR) or
residual protio solvent signals (for 1H NMR).57 Deuterated solvent
signals and residual protio solvent signals are designated by (*) in the
reported NMR spectra. Deuterated NMR solvents were purchased
from Cambridge Isotopes Laboratories, dried over 3 Å molecular
sieves under N2 and then vacuum distilled. The 13C resonances of the
B(C6F5)4

− anion are typically broad (from 19F coupling and 10B/11B
quadrupolar broadening) and have been omitted from tabulated
NMR spectral data in cases where they are not clearly distinguishable.
From the 13C NMR spectrum of N,N-dimethylanilinium B(C6F5)4

− in
CD2Cl2 we were able to clearly identify the ortho (148.57, d, J = 241
Hz), meta (136.84, d, J = 243 Hz), para (138.68, d, J = 248 Hz), and
ipso (124.30, m) resonances. Instead, the 19F spectra are reported that
clearly show the presence of the B(C6F4)4

− anion. The assignments of
NMR resonances are listed in reference to chemical structures shown
below each synthetic description.
Computational Methods. Calculations were performed with the

Gaussian09 software package.58 The M06-2X,31 M06-L,59 ωB97XD,60

and B3LYP61 functionals were evaluated in conjunction with the def2
basis sets from the Alrichs group (def2-TZVPD basis set for H/C/N/
O atoms and def2-QZVPD (with effective core potentials) for Pd).62

The B3LYP functional was also used in conjunction with the SDD
basis set during initial computational investigations.59 The CPCM and
SMD solvation models were used with both CH2Cl2 and CH3CN as
solvents.32,59,63 Frequency calculations were performed on all
minimized structures to confirm the absence of imaginary frequencies.
(pyrCPy2)Pd(OAc)2 (2). 2,2′-(1-(Pyrrolidin-1-yl)ethane-1,1-diyl)-

dipyridine (pyrCPy2, 1.10 g, 4.34 mmol, 1.0 equiv) was added to a 250
mL Schlenk flask with a stir bar and ∼100 mL of dichloromethane.
Palladium(II) acetate (0.975 g, 4.34 mmol, 1.0 equiv) was added to
the flask, and the solution was left to stir for 18 h during which time
the solution turns golden in color. The solvent was removed in vacuo,
and the resulting light brown powder was washed over a glass filter frit
with diethyl ether (to remove a bright yellow impurity) followed by a
washing with hexane. The resulting light brown powder was dried
under reduced pressure (2.03 g, 98%). 1H NMR (400 MHz, CD2Cl2):
δ 8.54 (d, JHH = 4 Hz, 2H, H9), 7.87 (t, JHH = 8 Hz, 2H, H7), 7.73
(br. s, 2H, H6), 7.35 (t, JHH = 6 Hz, 2H, H8), 3.00 (br. s, 4H, H3),
2.47 (s, 3H, H1), 1.90 (s, 6H, H11), 1.83 (br. s, 4H, H4). 13C{1H}
NMR (151 MHz, CD2Cl2): δ 177.45 (C10), 150.44 (C9), 138.65
(C7), 124.81 (C6), 124.48 (C8), 78.11 (C2), 24.51 (C4), 23.49
(C11). C3 was buried under the solvent peak, and C1 and C5 are not
visible due to exchange broadening. 2 was not found to be analytically
pure by elemental analysis, but impurities apparently do not hinder
subsequent reactions. The structure of the diacetate is shown below as
a guide to assigning protons only; obviously the structure of
Pd(acetate) compounds varies considerably.13,64

(pyrCPy2)PdCl2 (3). 2,2′-(1-(Pyrrolidin-1-yl)ethane-1,1-diyl)-
dipyridine (pyrCPy2, 545 mg, 2.15 mmol, 1.0 equiv) was added to a
100 mL Schlenk flask with a stir bar and ∼50 mL of dichloromethane.
Dichlorobis(acetonitrile)Pd(II) (558 mg, 2.15 mmol, 1.0 equiv) was
then added while the solution was stirring. The initial gold color of
the solution gradually changed to a dark reddish/brown over an hour.
The solution was left to stir overnight, and the next day the solvent
was removed in vacuo to give a tan powder that was washed with
hexane over a filter frit. The product was dried under reduced
pressure (880 mg, 95%). 3 can be recrystallized with difficulty to give
brown needlelike crystals from a sealed solution of dichloromethane
layered with an equal amount of hexane left at room temperature for 3
days. Yields of the recrystallized product are <10%. 1H NMR (400
MHz, CD2Cl2): δ 9.10 (d, JHH = 5 Hz, 2H, H9), 7.86 (t, JHH = 8 Hz,
2H, H7), 7.54 (d, JHH = 8 Hz, 2H, H6), 7.33 (t, JHH = 7 Hz, 2H, H8),

2.79 (br. s, 2H, H3), 2.57 (br. s, 2H, H3), 2.28 (br. s, 2H, H4), 2.14
(s, 3H, H1), 1.77 (br. s, 2h, H4). 13C{1H} NMR (151 MHz,
CD2Cl2): δ 159.22 (C5), 154.34 (C9), 139.42 (C7), 124.52 (C8),
123.04 (C6), 47.91 (C3), 24.72 (C4). C1 and C2 are not observable
due to exchange broadening. Before EA, 3 was placed under high
vacuum for 72 h and afterward was found to contain 0.3 equiv of
dichloromethane by 1H NMR. Anal. Calcd for C16H19Cl2N3Pd·0.3
CH2Cl2: C, 42.92; H, 4.33; N, 9.21. Found: C, 42.92; H, 4.41; N,
9.01.

[(pyrCPy2)Pd(NCAr
F)2]

2+[BArF4
−]2 (4). Compound 2 (278 mg,

0.58 mmol, 1.0 equiv) was added along with NCArF (ArF = C6F5CN,
0.25 mL, 2.00 mmol, 3.4 equiv) to a 100 mL Schlenk flask with a stir
bar and 30 mL of dichloromethane. With the solution stirring
vigorously, [H(OEt2)2]

+[BArF4]
− (964 mg, 1.16 mmol, 2.0 equiv) was

added slowly over the course of 3 min. The solution was a deep red
color after the addition of the acid. The reaction mixture was allowed
to stir for 30 min before the solvent was removed in vacuo. A 10 mL
aliquot of hexane was added to the purple residue and subsequently
decanted to remove any leftover acetic acid. This was repeated one
more time. The residue was recrystallized from ∼15 mL of
dichloromethane layered with ∼15 mL of hexane left overnight at
room temperature in a sealed Schlenk flask (805 mg, 66%). 4 exhibits
low solubility in most solvents including dichloromethane. 4 can be
placed in a sonication bath to temporarily increase solubility although
it will recrystallize from solution over 24 h. 1H NMR (400 MHz,
CD2Cl2): δ 8.62 (d, JHH = 5 Hz, 2H, H9), 8.18 (t, JHH = 8 Hz, 2H,
H7), 7.82 (d, JHH = 8 Hz, 2 H, H6), 7.56 (t, JHH = 7 Hz, 2H, H8),
2.76 (s, 4H, H3), 2.21 (s, 3H, H1), 2.12 (s, 4H, H4). 13C{1H} NMR
(CD2Cl2): δ 158.09 (C5), 152.57 (C9), 149.51, (d, JCF = 273 Hz,
C12), 148.44 (d, JCF = 241 Hz, o-B(C6F5)4), 143.97 (C8), 138.70 (d,
JCF = 257 Hz, p-B(C6F5)4), 136.67 (JCF = 246 Hz, m-B(C6F5)4),
127.48 (C7), 125.79 (C6), 113.89 (C14), 74.34 (C2), 50.04 (C3),
24.61 (C4), 12.09 (C1). C10, C11, and C13 are not clearly
distinguishable from the baseline/other 13C peaks. 19F NMR (376
MHz, CD2Cl2): δ −127.55 (t, JFF = 12 Hz, 4F, F12), −129.71 (m, 2F,
F10), −133.30 (br. s, ν1/2 = 40 Hz, 16F, o-C6F5), −153.69 (t, JFF = 18
Hz, 4F, F11), −163.39 (t, JFF = 20 Hz, 8F, p-C6F5), −167.43 (t, JFF =
17 Hz, 16F, m-C6F5). Anal. Calcd for C78H19B2F50N5Pd: C, 44.53; H,
0.91; N, 3.33. Found: C, 44.80; H, 0.85; N; 3.38.

[(pyrCPy2)Pd(OEt2)(NCAr
F)]2+[BArF4

−]2 (5). Compound 4 (172
mg, 0.087 mmol, 1.0 equiv) was dissolved in 15 mL of 50/50 diethyl
ether/dichloromethane solution in a sealed 20 mL scintillation vial.
The solution was left overnight at room temperature and pale red
plate-like crystals formed by morning (78 mg, 48%). The crystals of 5
may need to be recrystallized one to two more subsequent times to
improve purity. This compound slowly decomposes if left in solution
at room temperature. Yield: 78 mg, 48%. 1H NMR (400 MHz,
CD2Cl2): δ 8.51 (br. s, 2H, H9), 8.11 (t, JHH = 8 Hz, 2H, H7), 7.66
(d, JHH = 8 Hz, 2H, H6), 7.58 (t, JHH = 7 Hz, 2H, H7), 4.09 (q, JHH =
7 Hz, 4H, H10), 3.26 (br. s, 2H, H3), 2.73 (br. s, 2H, H3), 2.18
(multiple peaks, 7H, H4 and H1), 1.76 (t, JHH = 7 Hz, 6H, H11). Free
diethyl ether is observed at 3.45 and 1.15 in the 1H NMR spectrum.
13C{1H} NMR (101 MHz, CD2Cl2): δ 158.10 (C5), 149.33 (C9),
148.51 (d, JCF = 240 Hz, o-B(C6F5)4), 142.90 (C7), 138.60 (d, JCF =
245 Hz, p-B(C6F5)4), 136.68 (d, JCF = 249 Hz, m-B(C6F5)4), 127.05
(C8), 124.45 (C6), 82.55 (C2), 75.74 (C10), 58.22 (C3), 25.34
(C4), 15.80 (C1), 15.42 (C11). C12−C16 are not clearly
distinguishable from the baseline/other 13C peaks. 19F NMR (376
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MHz, CD2Cl2): δ −127.68 (t, JFF = 12 Hz, 2F, F14), −128.97 (m, 1F,
F12), −133.18 (br. s, ν1/2 = 40 Hz, 16F, o-C6F5), −153.24 (t, JFF = 18
Hz, 4F, F13), −163.46 (t, JFF = 20 Hz, 8F, p-C6F5), −167.48 (t, JFF =
17 Hz, 16F, m-C6F5). The majority of peaks visible in the NMR
spectra that are not from 5 are from 4. Anal. Calcd for
C75H29B2F45N4OPd: C, 45.38; H, 1.47; N, 2.82. Found: C, 45.39;
H, 1.72; N, 2.88.

[(pyrHCPy2)Pd(C6H4(OCC6H5))]
2+[BArF4

−]2 (6). Compound 4
(161 mg, 0.077 mmol, 1.0 equiv) was added to a 20 mL scintillation
vial with a stir bar and 10 mL of dichloromethane. Benzophenone
(139 mg, 0.77 mmol, 10 equiv) was added, and the solution was
allowed to stir for 6 h. The light purple color of the solution gradually
changes to red and eventually to a pale yellow. The solvent was
removed in vacuo. Then, 2 mL of diethyl ether was added to the
residue, and 10 mL of hexane was added to crash out a pale yellow
powder. The powder was washed twice with hexane and then put
under reduced pressure to dry. The same procedure can be repeated
with 5 to achieve the same results. Yield: 130 mg, 90%. 1H NMR (400
MHz, CD2Cl2): δ 11.90 (br. s, 1H, H7), 9.20 (d, JHH = 6 Hz, 1H,
H17), 9.14 (d, JHH = 5 Hz, 1H, H12), 8.37 (t, JHH = 8 Hz, 1H, H15),
8.30 (t, JHH = 8 Hz, 1H, H10), 8.02 (overlaid doublets, 2H, H9 and
H14), 7.96 (d, JHH = 8 Hz, 2H, H26), 7.91−7.86 (multiple peaks, 4H,
H16, H11, H28, and H22), 7.68 (t, JHH = 8 Hz, 2H, H27), 7.56 (t,
JHH = 8 Hz, 1H, H20), 7.49 (t (second-order coupling), 1H, H21),
6.91 (d, JHH = 8 Hz, 1H, H19), 3.52−3.34 (m, 2H, H3 or H6), 3.34−
3.19 (m, 2H, H3 or H6), 2.49 (s, 3H, H1), 2.32−2.06 (m, 4H, H4
and H5). Free benzophenone is observed at 7.78 in the 1H NMR
spectrum. 13C{1H} NMR (101 MHz, CD2Cl2): δ 216.59 (C24),
162.18 (C18), 157.52 (C17), 152.95 (C12), 151.40 (C13), 149.31
(C8), 148.52 (d, JCF = 241 Hz, o-B(C6F5)4), 147.02 (C23), 144.05
(C15), 143.62 (C10), 138.58 (d, JCF = 245 Hz, p-B(C6F5)4), 138.46
(C20), 137.88 (C22), 136.71 (d, JCF = 248 Hz, m-B(C6F5)4), 136.67
(C28), 133.56 (C21), 133.51 (C25), 133.11 (C19), 131.04 (C26),
130.36 (C16), 129.92 (C27), 129.08 (C11), 126.66 (C14), 126.05
(C9), 72.17 (C2), 52.54 (C3 or C6), 52.47 (C3 or C6), 25.20 (C4 or
C5), 25.08 (C4 or C5), 15.20 (C1). 19F NMR (376 MHz, CD2Cl2): δ
−133.99 (br. s, ν1/2 = 40 Hz, 16F, o-C6F5), −163.29 (t, 3JFF = 20 Hz,
8F, p-C6F5), −167.32 (t, 3JFF = 18 Hz, 16F, m-C6F5). Compound 6
was not found to be analytically pure by EA. Deprotonation of 6
followed by recrystallization removes the impurity.

[(pyrCPy2)Pd(C6H4(OCC6H5))]
+[BArF4

−] (7). Compound 6 (100
mg, 0.082 mmol, 1.0 equiv) was added to a 20 mL scintillation vial
with 5 mL of dichloromethane. Potassium carbonate (73 mg, 0.53
mmol, 10 equiv) was added and the mixture was left to stir for 18 h.
The solids are removed from the red solution by filtration, and the
filtrate was placed under reduced pressure to yield a red powder. 7 can
be recrystallized from dichloromethane (∼5 mL/100 mg) layered
with an equal amount of hexane to give large red crystals after a few
days (42 mg, 65%). The leftover solvent can be reduced and relayered
with hexane to produce more crystals although the yield will be
significantly less than the first. 1H NMR (400 MHz, CD2Cl2): δ 9.01
(d, JHH = 5 Hz, 2H, H9), 8.00 (t, JHH = 8 Hz, 2H, H7), 7.90 (d
(second-order coupling), 2H, H17), 7.78−7.71 (multiple peaks, 3H,
H19 and H6), 7.69 (d, JHH = 8 Hz, 1H, H13), 7.62 (t (second-order
coupling), 2H, H18), 7.50 (ddd, JHH = 5 Hz, 2H, H8), 7.42 (t, JHH =
7 Hz, 1H, H11), 7.28 (t, JHH = 8 Hz, 1H, H12), 6.94 (d, JHH = 8 Hz,
1H, H10), 2.47 (br. s, 4H, H3), 2.11 (s, 3H, H1), 1.64 (br. s, 2H,

H4), 1.51 (br. s, 2H, H4). 13C{1H} NMR (101 MHz, CD2Cl2): δ
213.39 (C16), 164.41 (C10), 160.09 (C5), 153.10 (C9), 145.37
(C15), 140.51 (C7), 136.10 (C12), 135.30 (C17), 135.26 (C14),
134.34 (C20), 133.53 (C11), 130.11 (C18), 129.38 (C19), 125.67
(C8), 125.57 (C13), 123.44 (C6), 68.30 (C2), 46.81 (C3), 23.87
(C4), 11.56 (C1). 19F NMR (376 MHz, CD2Cl2): δ −133.08 (br. s,
ν1/2 = 40 Hz, 8F, o-C6F5), −163.72 (t, 3JFF = 20 Hz, 4F, p-C6F5),
−167.57 (t, 3JFF = 18 Hz, 8F, m-C6F5). Before EA, 7 was placed under
high vacuum for 72 h and afterward was found to contain 0.3 equiv of
dichloromethane by 1H NMR. Anal. Calcd for C53H28BF20N3OPd·0.3
CH2Cl2: C, 51.40; H, 2.31; N, 3.37. Found: C, 51.05; H, 2.26; N,
3.40.

[(pyrCPy2)Pd(C6H4(NC5H4))]
+[BArF4

−] (8). Compound 2 (136 mg,
0.285 mmol, 1.0 equiv) was added to a 25 mL Schlenk flask with 10
mL of dichloromethane and 2-phenylpyridine (44 μL, 0.285 mmol,
1.0 equiv). [H(OEt2)2]

+[BArF4]
− (255 mg, 0.285 mmol, 1.0 equiv)

was slowly added over a minute to the solution with vigorous stirring.
After 48 h of stirring, the reaction mixture showed a mixture of
products by 1H NMR. 2-Phenylpyridine (44 μL, 0.285 mmol, 1.0
equiv) and potassium carbonate (200 mg, 1.45 mmol, 5.1 equiv) was
added to the reaction mixture and left to stir for another 48 h. The
solids were removed by filtration, and the yellow filtrate was layered
with an equivalent volume of hexane in a 20 mL scintillation flask for
recrystallization. Large yellow crystals were visible (261 mg, 71%). 1H
NMR (400 MHz, CD2Cl2): δ 8.90 (br. s, 2H, H9), 8.03−7.95
(multiple peaks, 4H, H20, H18, and H7), 7.90 (d, JHH = 8 Hz, 1H,
H17), 7.71 (d, JHH = 8 Hz, 2H, H6), 7.62 (d, JHH = 8 Hz, 1H, H14),
7.50 (t, JHH = 6 Hz, 2H, H8), 7.23 (multiple peak, 2H, H13 and
H12), 7.13 (t, JHH = 8 Hz, 1H, H19), 6.76 (d, JHH = 8 Hz, 1H, H11),
2.56 (br. s, 4H, H3), 2.15 (s, 3H, H1), 1.56 (m, 2H, H4), 1.31 (m,
2H, H4 (overlaid with hexane)). 13C{1H} NMR (101 MHz, CD2Cl2):
δ 166.27 (C16), 161.04 (C5), 155.76 (C10), 148.67 (C20), 145.54
(C15), 140.45 (C7), 139.86 (C18), 133.44 (C11), 130.53 (C12),
125.70 (C8), 125.53 (C13), 124.31 (C14), 123.38 (C19), 123.22
(C6), 68.53 (C2), 46.84 (C3), 23.80 (C4), 11.28 (C1). 19F NMR
(376 MHz, CD2Cl2): δ −133.06 (br. s, ν1/2 = 40 Hz, 8F, o-C6F5),
−163.70 (t, 3JFF = 20 Hz, 4F, p-C6F5), −167.56 (t, 3JFF = 18 Hz, 8F,
m-C6F5). Before EA, 8 was placed under high vacuum for 72 h and
afterward was found to contain 0.2 equiv of dichloromethane by 1H
NMR. Anal. Calcd for C51H27BF20N4Pd·0.2 CH2Cl2: C, 50.82; H,
2.28; N, 4.63. Found: C, 51.02; H, 2.66; N, 4.41.

[(pyrHCPy2)Pd(C6H4(OCC6H5))]
2+[SbF6

−]2 (10). Compound 3 (46
mg, 0.107 mmol, 1.0 equiv), benzophenone (195 mg, 1.07 mmol, 10
equiv) and 10 mL of dichloromethane to a 25 mL Schlenk flask.
AgSbF6 (73.4 mg, 0.214 mmol, 2.0 equiv) was added to the stirred
solution and AgCl quickly precipitated. The reaction was left to stir
overnight. The AgCl was removed by filtration. The solvent was
removed under reduced pressure, and the residue was washed twice
with hexane to remove excess benzophenone. The residue was
dissolved in ∼5 mL of dichloromethane and layered with an equal
amount of hexane and left at room temperature overnight. Crystals
suitable for X-ray diffraction were available the next day. The 1H
NMR spectrum was consistent with that of the [BArF4]

− analog.
[(pyrHCPy2)Pd(C6H4(NC5H4))]

2+[SbF6
−]2 (11). Compound 3 (49

mg, 0.114 mmol, 1.0 equiv) was added to a 25 mL Schlenk flask with
12 mL of dichloromethane and was stirred vigorously. AgSbF6 (39
mg, 0.114 mmol, 1.0 equiv) was added to the solution to generate a
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Pd−Cl dimer species (not reported). AgCl precipitate was quickly
formed and the solution gained a colloidal purple-black shade. After
15 min, 2-phenylpyridine solution (1.63 mL, 0.07 M in hexanes, 0.114
mmol, 1.0 equiv) was added dropwise, and the solution became dark
yellow. After an additional 15 min of stirring, another equivalent of
AgSbF6 (39 mg, 0.114 mmol, 1.0 equiv) was added which produced
an initial bright yellow that steadily became brown. The reaction was
allowed to stir overnight. The next day AgCl was removed by
filtration. The solvent was reduced under reduced pressure to ∼5 mL,
layered with an equal amount of hexane, and left out at room
temperature for 1 day to yield crystals suitable for X-ray diffraction.
The 1H NMR spectrum was consistent with that of the [BArF4]

−

analog.
[H(CH3OH)1.5]

+[BArF4]
−. [H(OEt2)2]

+[BArF4]
− (80.0 mg, 0.097

mmol) was added to a 10 mL Schlenk flask with ∼2 mL of methanol
and was allowed to stir for 1 min before the solvent was removed
under reduced pressure. The resulting colorless residue was
redissolved in 2 mL of methanol and allowed to stir (∼1 min)
before the solvent was removed under reduced pressure yielding a
colorless residue. This trituration process was repeated once more
with methanol, followed by trituration with dichloromethane. The
resultant white powder was dissolved in ∼1 mL of dichloromethane
(in a 3 mL scintillation vial) and layered with ∼2 mL of hexane. The
vial was sealed and placed in a−32 °C freezer for 24 h, resulting in
pale brown crystals (24 mg). [H(CH3OH)1.5]

+[BArF4]
− decomposes

if left in solution; pentafluorobenzene is one of the primary
decomposition products. The reported stoichiometry is based on a
best fit to the relative integrals of the OH and CH3 groups in the 1H
NMR spectrum. Crystals are amenable to X-ray diffraction, but the
methanol molecules are disordered and nonresolvable. 1H NMR (400
MHz, CD2Cl2): δ 8.46 (br. s, 2.5 H, CH3OH2

+/CH3OH), 3.81 (s, 4.5
H, CH3OH2

+/CH3OH).
13C{1H} NMR (101 MHz, CD2Cl2): δ

53.36 (CH3OH). The methanol carbon peak is directly under the
carbon CD2Cl2 peak, and its location was determined by 1H−13C
HSQC. 19F NMR (376 MHz, CD2Cl2): δ −133.03 (br. s, ν1/2 = 40
Hz, 16F, o-C6F5), −163.29 (t, 3JFF = 20 Hz, 8F, p-C6F5), −167.35 (t,
3JFF = 18 Hz, 16F, m-C6F5).
NMR Tube Experiments. Synthesis of [(pyrHCPy2)Pd-

(C6H4(NC5H4))]
2+[BArF4

−]2 (9). Compound 8 (10.2 mg, 0.0085
mmol, 1.0 equiv) and [H(OEt2)2]

+[BArF4]
− (6.7 mg, 0.0081 mmol,

0.95 equiv) were added to an NMR tube. Then, ∼0.5 mL of CD2Cl2
was added, and the NMR tube was capped and shaken for 10 s to
yield 93% of the expected conversion to the N-protonated dication
(based on [Et2O]). The minor species observed in the NMR spectra
is the unprotonated 8. 1H NMR (400 MHz, CD2Cl2): δ 12.86 (br. s,
1H, H7), 9.14 (d, JHH = 6 Hz, 1H, H17), 8.96 (d, JHH = 5 Hz, 1H,
H12), 8.30 (multiple peaks, 2H, H15 and H10), 8.14 (t, JHH = 8 Hz,
1H, H26), 8.06−7.95 (multiple peaks, 3H, H9, H25, and H14),
7.93−7.85 (multiple peaks, 3H, H28, H11, and H16), 7.71 (d, JHH = 8
Hz, 1H, H22), 7.40 (t, JHH = 8 Hz, 1H, H21), 7.33 (dd, JHH = 6 Hz,
1H, H27), 7.21 (t, JHH = 8 Hz, 1H, H20), 6.58 (d, JHH = 8 Hz, 1H,
H19), 3.48−3.30 (m, 4H, H3 and H6), 2.51 (s, 3H, H1), 2.26 (m,
2H, H4 or H5), 2.06 (m, 2H, H4 or H5). Free diethyl ether is
observed at 3.45 and 1.15 in the 1H NMR spectrum. 13C{1H} NMR
(101 MHz, CD2Cl2): δ 166.70 (C24), 157.09 (C17), 154.36 (C18),
153.48 (C12), 151.37 (C13), 151.04 (C8), 148.43 (C28), 146.00
(C23), 143.71 (C15), 143.60 (C10), 142.92 (C26), 133.00 (C19),
132.27 (C20), 129.78 (C16), 129.34 (C11), 129.04 (C21), 126.45
(C9), 126.37 (C22), 126.01 (C14), 124.91 (C27), 122.01 (C25),
71.76 (C2), 52.27 (C3 or C6), 52.14 (C3 or C6), 25.09 (C4 and C5),
15.15 (C1). Free diethyl ether is observed at 15.49 and 66.14 in the
13C NMR spectrum. 19F NMR (376 MHz, CD2Cl2): δ −133.03 (br. s,
ν1/2 = 40 Hz, 16F, o-C6F5), −163.29 (t, 3JFF = 20 Hz, 8F, p-C6F5),
−167.35 (t, 3JFF = 18 Hz, 16F, m-C6F5).

Protonation Equilibria. Proton Exchange Equilibrium (pKa
Determination) of 8 with 2-Methylanilinium in CD3CN. A J.
Young tube was charged with 8 (9.5 mg, 0.008 mmol, 1.0 equiv), 2-
methylanilinium [BArF4]

− (14.8 mg, 0.019 mmol, 2.38 equiv), and
∼0.5 mL of CD3CN. The tube was vigorously shaken and 1H NMR
spectra were recorded soon after (<30 min). The initial 1H NMR
spectrum showed a mixture of 8, 9, and the coalesced peaks of 2-
methylaniline and 2-methylanilinium B(C6F5)4

−. 1H NMR spectra
taken of the same sample over the ensuing days show no significant
change in the equilibrium concentrations. The experiment was
duplicated twice with comparable amounts. The following peaks were
used to determine the equilibrium concentration of 8: H9, H20, H14,
H11, and H1. The following peaks were used to determine the
equilibrium concentration of 9: H7, H12/H17 (appear as one peak),
H28, H11/H16 (appear as one peak), and H1. The equilibrium
concentration of 2-methylanilinium [BArF4]

− was established by
subtracting the normalized equilibrium concentration of 9 from the
combined normalized concentration of 2-methylaniline and 2-
methylanilinium B(C6F5)4

−. The equilibrium concentration of 2-
methylaniline equals that of 9.

Proton Exchange Equilibrium (pKa Determination) of 8 with 2-
Methylanilinium in CD2Cl2. A J. Young tube was charged with 8 (9.5
mg, 0.008 mmol, 1.0 equiv), 2-methylanilinium [BArF4]

− (14.8 mg,
0.019 mmol, 2.38 equiv), and ∼0.5 mL of CD2Cl2. The tube was
vigorously shaken, and 1H NMR spectra were recorded soon after
(<30 min). The initial 1H NMR spectrum showed a mixture of 8 and
9 and the coalesced peaks of 2-methylaniline and 2-methylanilinium
B(C6F5)4

−. 1H NMR spectra taken of the same sample over the
ensuing days show no significant change in the equilibrium
concentrations. The experiment was duplicated twice with com-
parable amounts. The following peaks were used to determine the
equilibrium concentration of 8: H9, H8, H14, H11, and H1. The
following peaks were used to determine the equilibrium concentration
of 9: H7, H17, H12, H19, and H1. The equilibrium concentration of
2-methylanilinium [BArF4]

− was established by subtracting the
normalized equilibrium concentration of 9 from the combined
normalized concentration of 2-methylaniline and 2-methylanilinium
B(C6F5)4

−. The equilibrium concentration of 2-methylaniline equals
that of 9.

Proton Exchange Equilibrium (pKa Determination) of 8 with 2,6-
Diisopropylanilinium in CD3CN. A J. Young tube was charged with 8
(7.8 mg, 0.007 mmol, 1.0 equiv), 2,6-diisopropylanilinium [BArF4]

−

(3.0 mg, 0.003 mmol, 0.5 equiv), and ∼0.5 mL of CD3CN. The tube
was vigorously shaken and 1H NMR spectra were recorded soon after
(<30 min). The initial 1H NMR spectrum showed a mixture of 8 and
9 and the coalesced peaks of 2,6-diisopropylaniline and 2,6-
diisopropylanilinium B(C6F5)4

−. 1H NMR spectra taken of the same
sample over the ensuing days show no significant change in the
equilibrium concentrations. The experiment was duplicated twice
with similar amounts. The following peaks were used to determine the
equilibrium concentration of 8: H9, H20, H14, H11, and H1. The
following peaks were used to determine the equilibrium concentration
of 9: H7, H12/H17 (appear as one peak), H28, H11/H16 (appear as
one peak), and H1. The equilibrium concentration of 2,6-
diisopropylanilinium [BArF4]

− was established by subtracting the
normalized equilibrium concentration of 9 from the combined
normalized concentration of 2,6-diisopropylaniline and 2,6-diisopro-
pylanilinium B(C6F5)4

−. The equilibrium concentration of 2,6-
diisopropylaniline equals that of 9.

Proton Exchange Equilibrium (pKa Determination) of 8 with 2,6-
Diisopropylanilinium in CD2Cl2. A J. Young tube was charged with 8
(4.8 mg, 0.004 mmol, 1.0 equiv), 2,6-diisopropylanilinium [BArF4]

−

(4.2 mg, 0.005 mmol, 1.2 equiv), and ∼0.5 mL of CD2Cl2. The tube
was vigorously shaken, and 1H NMR spectra were recorded soon after
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(<30 min). The initial 1H NMR spectrum showed a mixture of 8 and
9 and the coalesced peaks of 2,6-diisopropylaniline and 2,6-
diisopropylanilinium B(C6F5)4

−. 1H NMR spectra taken of the same
sample over the ensuing days show no significant change in the
equilibrium concentrations. The experiment was duplicated twice
with similar amounts. The following peaks were used to determine the
equilibrium concentration of 8: H9, H8, H19, H11, and H1. The
following peaks were used to determine the equilibrium concentration
of 9: H7, H17, H12, H19, and H1. The equilibrium concentration of
2,6-diisopropylanilinium [BArF4]

− was established by subtracting the
normalized equilibrium concentration of 9 from the combined
normalized concentration of 2,6-diisopropylaniline and 2,6-diisopro-
pylanilinium B(C6F5)4

−. The equilibrium concentration of 2,6-
diisopropylaniline equals that of 9.
Proton Exchange Equilibrium (pKa Determination) of 8 with

N,N-Dimethylanilinium in CD3CN. A J. Young tube was charged with
8 (2.2 mg, 0.002 mmol, 1.0 equiv), N,N-dimethylanilinium [BArF4]

−

(3.0 mg, 0.004 mmol, 2.0 equiv), and ∼0.5 mL of CD3CN. The tube
was vigorously shaken and 1H NMR spectra were recorded soon after
(<30 min). The initial 1H NMR spectrum showed a mixture of 8 and
9 and the coalesced peaks of N,N-dimethylaniline and N,N-
dimethylanilinium B(C6F5)4

−. 1H NMR spectra taken of the same
sample over the ensuing days show no significant change in the
equilibrium concentrations. The experiment was duplicated twice
with similar amounts. The following peaks were used to determine the
equilibrium concentration of 8: H9, H20, H14, H11, and H1. The
following peaks were used to determine the equilibrium concentration
of 9: H7, H12/H17 (appear as one peak), H28, H9/H14 (appear as
one peak), and H1. The equilibrium concentration of N,N-
dimethylanilinium [BArF4]

− was established by subtracting the
normalized equilibrium concentration of 9 from the combined
normalized concentration of N,N-dimethylaniline and 2 N,N-
dimethylanilinium B(C6F5)4

−. The equilibrium concentration of
N,N-dimethylaniline equals that of 9.
Proton Exchange Equilibrium (pKa Determination) of 6 with 8 in

CD2Cl2. A J. Young tube was charged with 6 (12.5 mg, 0.0066 mmol,
1.0 equiv), 8 (9.9 mg, 0.0083 mmol, 1.3 equiv), and ∼0.5 mL of
CD2Cl2. The tube was vigorously shaken, and

1H NMR spectra were
recorded soon after (<30 min). The initial 1H NMR spectrum showed
a mixture of 6, 7, 8, and 9. 1H NMR spectra taken of the same sample
over the ensuing days show no significant change in the equilibrium
concentrations. The experiment was duplicated twice with similar
amounts. The following peaks were used to determine the equilibrium
concentration of 6: H7, H17, H12, H19, and H1. The following peaks
were used to determine the equilibrium concentration of 7: H9, H10,
and H1. The following peaks were used to determine the equilibrium
concentration of 8: H9, H11, and H1. The following peaks were used
to determine the equilibrium concentration of 9: H7, H17, H12, H19,
and H1.
Proton Exchange Equilibrium of 6 with MeOH in CD2Cl2. A J.

Young tube was charged with [H(MeOH)1.5]
+[BArF4]

− (7.4 mg,
0.010 mmol equiv) and 7 (5.8 mg, 0.005 mmol) with ∼0.5 mL of
CD2Cl2. The tube was sealed, shaken, and the initial

1H NMR showed
that all of 7 had converted to its protonated analog 6. A small drop of
MeOH was added, and the solution gained a faint red color (1H NMR
revealed a mixture of 6 and 7, in a 7:1 ratio). After adding ∼30 equiv
of methanol (∼30 mM), the solution turned completely red, and the
1H NMR spectrum shows only 7.
Benzophenone-d10 Exchange with 6 in CD2Cl2. Compound 6 (6.3

mg, 0.006 mmol, 1 equiv) was added to a J. Young tube with
benzophenone-d10 (0.25 mL, 264 mM in CD2Cl2, 20 equiv). An
additional 0.25 mL of CD2Cl2 was added, and the tube was sealed and
shaken. An initial 1H NMR spectrum was taken before the sample was
heated to 60 °C in an oil bath. 1H NMR spectra of the reaction were
collected over the ensuing 2 weeks.
Addition of 2-Phenylpyridine to 4. Compound 4 (19.6 mg, 0.009

mmol, 1 equiv) was added to a J. Young tube with 2-phenylpyridine
(88 μ, 0.006 mmol, 0.66 equiv) and 0.5 mL of CD2Cl2. After 3 days,
the reaction mixture contains compounds 4, 8, and 9 in a ratio of
0.50:0.12:1.00 (by 1H NMR). An additional amount of 2-phenyl-

pyridine (34 μ, 0.003 mmol, 0.34 equiv) was added to the NMR tube,
and the reaction was left to sit. After 8 days, the reaction mixture
contains compounds 4, 8, and 9 in a ratio of 0.08:0.11:1.00 (by 1H
NMR). 2-phenylpyridine was added stepwise to decrease the
formation of 2-phenylpyridinium which once formed significantly
reduces the rate of cyclometalation
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