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Reactions catalyzed by palladium(i) acetate and trifluoroacetic acid (TFA) have a clear preactivation phase.

However, the structure of real catalytic species remains unclear. We show that the key species are cyclic

trinuclear complexes of composition [Pd3z(OAc)s_x(OTFA),l (x = 1-6) formed by a sequential ligand
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Introduction

Knowledge of the exact structures of reactants, catalytic species
and reaction intermediates has a crucial importance for under-
standing chemical reactions. Detailed mechanistic studies are
rather scarce and their results are often not accounted for in
simplified mechanistic pictures. Catalysis by palladium(u)
acetate could serve as an example. Despite the fact that it is
one of the most widely used catalysts or catalytic precursors
for many years,' its active forms and common impurities
affecting its reactivity strongly have been described only
recently.” Furthermore, even though its trimeric cyclic struc-
ture is well documented® (Fig. 1a) and characterized trinuclear
complexes (Fig. 1b)* indicate that the trinuclear backbone
might be involved in the first steps of the catalytic cycles, the
experimental link confirming the involvement of these cata-
lytic species is still missing.” The concept of the trinuclear
complexes as the catalytically active species in C-H activations
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exchange from [Pdz(OAc)e]. Furthermore, we prove that the trinuclear palladium backbone of the pre-
catalyst remains preserved during the first phase of the C—H activation reaction of acetanilides. In other
words, the reaction pathway including the trinuclear species should be taken into account in discussion
about mechanisms of the reactions catalyzed by palladium acetates.

is not straightforward; therefore most of the proposed reaction
schemes do not take trinuclear intermediates into account.®
We encountered this issue in our previous mechanistic
work, where we were using the reaction protocol popularized
by Fujiwara based on the combination of palladium acetate
with trifluoroacetic acid” for the C-H activation reaction of
acetanilides. We observed a different kinetic behavior in
dependence on the sequence, in which the individual reaction
components were mixed.® This indicated that the formation of
a precatalyst from palladium acetate and TFA is an important
reaction step and raised the question “What is the structure of
the precatalyst and what is its role in the subsequent reaction
steps?”. Only few studies are devoted to studying the behavior
of palladium acetate in the presence of TFA or the behavior of
palladium(u) trifluoroacetate in solution. Most of them
propose a breakup of the trinuclear cyclic palladium skeleton

Fig. 1 Cyclic structure of Pd3(OAc)e (a) and trinuclear C—H activated
complex with oxazoline®” (b).
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and formation of smaller units. Wilkinson et al. determined
that palladium(u) trifluoroacetate is monomeric in ethyl
acetate.” Swang et al. proposed a three step formation of
monomeric square planar [Pd(OTFA),(HOAc),] that undergoes
a slow oligomerization."” Furthermore, [Pd(OTFA)]" and
[(OTFA),Pd(TFA);]" were proposed to be the active species in
hydroarylations."" Finally, Lu et al observed a different
product distribution in dependence on the amount of TFA
added to palladium acetate.?

Results and discussion
Ligand exchange in the Pd;(OAc)s/TFA system

In the first set of experiments, we focused our attention on the
nature of the precatalyst formed by a combination of palla-
dium(u) acetate with TFA. We sequentially added TFA to the
solution of palladium acetate in CD,Cl, and recorded the 'H,
BC and '"°F NMR spectra (Fig. 2a for carbonyl and Fig. S1-S57
for methyl and trifluoromethyl groups).

There are seven groups of signals (1-7) whose gradual
appearance and disappearance is dependent on the added
amount of TFA. In the first spectra (without addition of TFA)
there are only signals corresponding to cyclic trimeric
[Pd;(OAc)s] (1) accompanied by signals corresponding to
[Pd3(n>-OH)(0Ac)5] (1%).>“° With increasing amount of added
TFA the signals of [Pd;(OAc)s] (1) decrease and a new down-

OTFA/OAc
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(
L

193 192 191 190 189 ppm

intensity

4
OTFA/OAc

Fig. 2 (a) Changes in the carbonyl range of *C NMR spectra caused by
a stepwise addition of trifluoroacetic acid to the CD,Cl, solution of pal-
ladium(i) acetate. Note that species 7 does not provide a signal in this
region of the *C NMR spectrum. (b) Sums of the *H NMR signals of the
acetate methyl groups of species 1-6 plotted in dependence on the
OTFA/OACc ratio.
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field shifted group of signals (2) appears. After reaching the
maximum of its intensity it starts to decrease again, while the
next downfield shifted group of signals (3) appears. This be-
havior is repeated until there is only the group of signals (7)
left in the last spectra of the series. Its intensity is increasing
along with increasing OTFA/OAc ratio."® Next, during the
additions, signals corresponding to the released acetic acid
grow. The signal pattern within each of the signal groups (1-7)
remains constant during the addition.

Deeper insight into the structure of the individual species
included in the groups could be attained using detailed ana-
lysis of signal patterns of individual signal groups. These
signal patterns together with signal integrals obtained by
detailed analysis from 'H and 'F NMR data are depicted in
the right side of Scheme 1 or in more detail in Fig. S7.7

Comparison of the patterns shows central symmetry. It
means that the pattern of the signal group 1 in 'H NMR
spectra is a mirror image of 7 in '°F NMR spectra. The same
can be found for 'H and '°F NMR spectra of 2 and 6, 3 and 5
and, finally, 4 in the "H NMR spectra is a mirror image of 4 in
the 'F NMR spectra. Observed symmetry is strong evidence
for the preservation of a cyclic triangular motif during the
sequential exchange of ligands. Furthermore, the plots of the
total intensities of each group of the signals against the ratio
of OTFA/OAc (Fig. 2b and Fig. S61) show that the maximum
concentrations of the species 2, 3, 4, 5 and 6 occur at the
OTFA/OAc ratios: 0.2, 0.5, 1, 2 and 5, respectively. These ratios
are in perfect agreement with the ligand ratios in complexes
[Pd;(0AC)q] (1), [Pds(OAC);(OTFA)] (2), [Pd,(OAC),(OTEA),] (3)
[Pd;(OAc);(OTFA);] (4), [Pds(OAc),(OTFA),] (5), [Pds(OAc)
(OTFA)s] (6) and [Pd3(OTFA)e] (7). The overall view on consecu-
tive ligand exchange in dependence of amount of added TFA is
depicted in Scheme 1.

At the beginning there exists only trimeric cyclic [Pd;(OAc)s]
(1) contaminated by a small amount of [Pd;(*-OH)(OAc)s](1%).
At the OTFA/OAc ratio 0.2 one acetate ligand is exchanged for
trifluoroacetate and the dominant species is [Pd;(OAc)s(OTFA)]
(2) which should show one signal of the CF; group in '°F NMR
spectra and due to the distinct environment three different
signals of CH; groups (2:2: 1 ratio) in "H NMR spectra.

At the ratio 0.5, the most abundant species is
[Pd;(OAc)4(OTFA),]. However, there are three possible isomeric
structures 3a, b, and c¢ (Scheme 1) corresponding to this
formula. 3a with two neighboring trifluoroacetates should
show three signals for methyl groups in 2:1:1 ratio in 'H
NMR spectra and one signal of CF; group in "°F NMR spectra.
3b containing trifluoroacetates on the opposite sides of the
palladium triangle should have two signals (1:1) in "H NMR
spectra and one signal in '°F NMR spectra. Finally, 3¢ with tri-
fluoroacetates bridging one pair of palladium atoms from both
sides should give one signal in "H NMR spectra and one in '°F
NMR spectra. In order to obtain an observed signal pattern for
this set 3 with signal integrals 1,2,2,2,1,2 (Scheme 1) the three
possible isomers 3a, b, and ¢ must be present in the ratio
2:2:1. This ratio is in perfect agreement with the statistical
distribution of the species. For illustration, there are two ways

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Exchange scheme and assignment of the signals. Circles and squares correspond to the CHz and CF3 groups, respectively. Red letters denote
groups with uncertain signal assignment. The different colors of the symbols in each complex show different chemical shifts of appropriate groups.
Numbers above arrows indicates the number of possibilities of a given transformation. The right part shows overall signal patterns of individual signal
groups 1, 2, 3,4, 5, 6, and 7 extracted from *H and *°F NMR experiments. The numbers above signals show integral intensities of the appropriate signals.
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how to obtain 3a from 2 (Scheme 1) (i.e. substitution of red
acetates (u) in 2), two ways how to obtain 3b (substitution of
blue acetates (v) in 2) and one way how to obtain 3¢ (substi-
tution of green acetate (w) in 2). There is an overlap of two
signals with very similar chemical surrounding, giving one
signal with integral value 4 (3v) instead of two signals with
integral values of 2 in the "H NMR signal pattern of set 3
(Scheme 1). Better resolved '’F NMR spectra of analogous
species 5 show these two signals to be separated (3n, 30). Note
that species 3 are analogous to the species 5 only with inverse
ligand distribution.

At the OTFA/OAc ratio 1, the most abundant species are
those with the composition [Pd;(OAc);(OTFA);]. Again, there
exist three possible structures 4a, b, and c that could be
formed statistically from 3a, b, and c. Their distribution in
1:3:6 ratios perfectly agree with the obtained NMR data and
signal patterns.

The same expectation is valid for the presence and signal
patterns of the three isomers of 5 (5a, b, ¢) that occur in the
ratio 2:2:1 and the structure and signal patterns of species 6
[Pd;(OAc)(OTFA);s] and 7 [Pd;(OTFA)g]. Those later mentioned
complexes could exist only in one isomeric form.

The signals of individual methyl (depicted as letters u, v, w,
X, ¥, z) and trifluoromethyl (k, 1, m, n, o, p) groups in Scheme 1
were assigned according to the following observations: The
more CF; groups are present on the same palladium triangle
side, the higher the downfield shift of groups on the same side
is to be (e.g. in structure 2 the 2u methyl groups are more
downfield shifted then 2v and 2w ones) (Scheme 1). The oppo-
sition of the CHj; group causes higher downfield shift than
opposition of the CF; group (e.g. the 3v methyl groups in
3b are more downfield shifted than the 3w ones).

Fig. 2b and integral intensities within each group of signals
show that the populations of the complexes are controlled only
by the OTFA/OAc ratio and the population of different isomers
within each type of complex follows binomial statistics, i.e. no
particular isomer is energetically favored.

In order to exclude the presence of smaller precatalytic
units containing one or two metal centers, we measured 'H
and "°F DOSY NMR spectra. The determined diffusion coeffi-
cients (Table S17) of all palladium containing species present
at the individual OTFA/OAc ratios are identical within the
range of experimental error and account for different molar
weights of acetate and trifluoroacetate residues. All these
observations prove that trimeric cyclic species [Pd;(OAc)s]
undergo a sequential exchange of acetate ligands for trifluoro-
acetate ones while the triangular cyclic motif is preserved.

Next, we focused our attention on the dynamic behavior of
the species. Reversibility of ligand exchange was tested by the
addition of acetic acid to the solution prepared at a defined
OTFA/OAc ratio. Upon addition of acetic acid, the overall
signal pattern changes to the pattern corresponding to a lower
OTFA/OAc ratio which proves the reversibility (Fig. S8 and 97).
Also, we attempted to test the ligand exchange in solution of
commercially available palladium trifluoroacetate in CD,Cl,.
However, it did not dissolve in an amount detectable by NMR
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spectroscopy neither alone nor upon the addition of acetic or
trifluoroacetic acid. This indicates that it has a different struc-
ture (most probably polymeric) and does not easily transform
into the cyclic trimeric complexes [Pds(OAc)s_x(OTFA),| in
solution.

Lastly, we probed the kinetics of the ligand exchange
process in the precatalyst by NMR spectroscopy. The experi-
mental sequence of adding TFA to palladium(u) acetate solu-
tion and then setting up the NMR experiment allowed us to
obtain the first spectra only in about 50 seconds after
initiation of the reaction. This leads to a loss of information
about the first ligand exchanges, but still permits monitoring
of the ligand exchange in the species with more trifluoro-
acetate ligands (Fig. S10 and 117). The gradual disappearance
of the signals corresponding to the species with a smaller
number of OTFA ligands (3, 4) correlates well with the growing
intensity of the signals corresponding to the species with a
higher number of the OTFA ligands (5, 6), which is a confir-
mation of the sequential ligand exchange. Qualitatively, the
solution mixture is equilibrated within several minutes. The
fact that the exchange occurs in the minute rather than in the
second timescale is further supported by the fact that no
ligand exchange detected by 'H or 'F EXSY
measurements.

was

C-H activation of acetanilides

With the knowledge of the precatalyst’s structure and
dynamics, we turned our attention to its behavior in a real
reaction. We chose the C-H activation of acetanilides as a
model reaction. Previous experiments showed that the mixing
of acetanilide with palladium acetate and TFA in DCM leads to
the formation of cyclopalladated acetanilide in a dimeric form
(Scheme 2). This step is analogous to many other palladium
catalyzed ortho-functionalizations directed by a remote coordi-
nation function.'

At the beginning, we examined the necessity of TFA for the
C-H activation reaction. The reaction mixture, containing
equimolar amounts of acetanilide and palladium acetate in
CD,Cl,, was monitored for 24 hours. There was no spectral
change observed during the measurement and only the signals
of the starting compounds were present (Fig. S12}). Hence,
TFA has to be present in the reaction mixture in order to
initiate the reaction.

Next, we carried out several NMR measurements of the reac-
tion kinetics. The precatalyst was prepared by the addition of
TFA to palladium acetate dissolved in CD,Cl,. After

JOK "Pd(OAC)," L ?)// @R
HN 2" UNTO o PN

CF3COOH B, L o-Pd--q
@ oow Y OTCR o m RO L DO
Lz DCM R// limerization ":Pd/

R

Scheme 2 Schematic representation of C—H activation of acetanilides
by palladium(i) acetate and TFA.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Time dependent 'H NMR spectral changes in the area of pre-
catalyst signals caused by the addition of 9.75 mg (0.045 mmol)
3-bromoacetanilide to the CD,Cl, solution of 10 mg (0.045 mmol)
palladium(i) acetate preactivated by 15 pL (0.2 mmol) TFA. The reaction
was monitored within 90 minutes.

10 minutes, 3-bromoacetanilide was added and the reaction
kinetics was followed. The shape of the 'H and '°F signals of
the precatalyst remains constant, but the spectral intensities
decrease with time (Fig. 3 and S137). Based on the assumption
of a lower bridging effectivity of trifluoroacetate compared to
acetate® and thus higher reactivity of the complexes contain-
ing trifluoroacetate ligands it could be expected that the most
reactive triangular species are those containing the highest
number of trifluoroacetate ligands. Nevertheless, the fast equi-
libration of the mixture with the free acids present in solution
ensures repopulation of the most reactive complexes and thus
preservation of the overall NMR signal pattern of the pre-
catalyst. During the reaction course, we detected only the
signals of acetates and trifluoroacetates corresponding to the
starting precatalyst and the products; no other palladium com-
plexes were observed. This suggests that the precatalytic trinuc-
lear palladium motif remains preserved during the C-H acti-
vation process and the complexes do not undergo fragmenta-
tion to smaller units.

The formation of the C-H activated products can be best
monitored in the range of the NMR signals of 3-bromoacetani-
lide. The decrease of the signals of the starting material is cor-
related with an increase of the signals corresponding to two
types of the products (Fig. 4 and S14-16%). Their occurrence is
dependent on time and the reactant stoichiometry (Fig. S177).
The reaction first leads to the product T. Next, signals corres-
ponding to the second product D appear and later they
become dominant. At the end of the reaction, only the signals
of the product D are detected. The NMR kinetics clearly shows
that the reaction proceeds in the following consecutive steps:
3-bromoacetanilide + [Pd;(OAc)s_(OTFA),] — complex T —
complex D (Fig. 4b).

Both complexes were characterized by diffraction tech-
niques (Fig. 5; for experimental details and discussion see the
ESI S18-20%). Complex D is yellow and corresponds to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Time dependent *H NMR spectral changes in the area of aro-
matic hydrogen atoms of the trinuclear (T) and the binuclear (D)
complex caused by the addition of 0.09 mmol 3-bromoacetanilide to
CD,Cl, solution of 0.045 mmol palladium(i) acetate preactivated by
0.3 mmol of TFA. (b) The time dependence of the abundances of the tri-
nuclear complex T (blue), the binuclear complex D (red), 3-bromoaceta-
nilide (purple), the sum of the T+D complexes (black) and the precatalyst
(green).

known binuclear dimeric complex where two palladium atoms
are bound to the carbon atoms of two activated acetanilide
units and they are connected by two bridging trifluoroacetates
(Fig. 5). In order to trap complex T, we used the acetanilide in
a sub-stoichiometric amount with respect to palladium
acetate. After about 2 hours, greenish crystals crystallized from
the solution. The analysis revealed that complex T has a linear
trinuclear structure. The activated acetanilide units are bound
to the palladium atoms at both ends of the complex in the
anti-orientation (Fig. 5). Both complexes were isolated from a
solution containing a large excess of trifluoroacetic acid. In
solutions with a lower OTFA/OAc ratio, analogous complexes
containing one or more acetate ligands instead of trifluoro-
acetates are most probably present (for an indirect proof of
their existence see Fig. S227).

In synthesis, palladium acetate is used in a catalytic
amount related to acetanilide. Therefore, we performed the
kinetic measurements at different palladium-to-acetanilide

Dalton Trans., 2017, 46, 16269-16275 | 16273
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- trinuclear (T)

Fig. 5 The ORTEP structures of binuclear (D) and trinuclear (T) com-
plexes. Thermal ellipsoids set at 35% probability. Hydrogen atoms are
omitted for clarity.

ratios (Fig. S17-217). The increasing ratio of acetanilide results
in a decrease of the observable amount of the complex T
(Fig. 6). This can be explained in such a way that the unstable
trinuclear complex T is transformed to the stable binuclear
complex D by the attack of a molecule of substrate. Thus
complex T behaves as a reactive intermediate under catalytic
arrangement.

Furthermore, the instability of the trinuclear complex T
under reaction conditions can serve as an indirect proof of
C-H activation proceeding via a trinuclear species. The alterna-
tive pathway®” involving the C-H activation step that occurs on
monopalladium species and is followed by the formation of an
unstable trinuclear complex T from mono-palladacycles seems
to be less probable.
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Fig. 6 Relative abundances of the trinuclear complex T obtained from
NMR kinetic measurements at acetanilide: palladium acetate ratios
0.5:1 (violet), 1:1 (blue), 2:1 (red) and 5: 1 (green).
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Scheme 3 A reaction scheme considering the reaction pathway pro-
ceeding via trifluoroacetate palladium complexes.

Conclusions

In summary, our results reveal previously unnoticed aspects
of the catalyst activation phase as well as the first steps of
the following C-H activation reaction. The addition of TFA to
the triangular trinuclear palladium acetate complex in the
precatalytic phase leads to a fast (within minutes) substi-
tution of the acetate ligands by trifluoroacetate ones in the
amount corresponding to the ratio of OTFA/OAc while the tri-
angular trinuclear motif remains preserved. Introduction of
more electron withdrawing trifluoroacetate ligands leads to a
decrease of electron density at the palladium atoms. It facili-
tates the next reaction step in which the triangular pre-
catalyst reacts with two acetanilide molecules. The reaction
results in an opening of the cyclic structure and the terminal
trifluoroacetate ligands are replaced by the C-H activated
acetanilide molecules to form complex T. Complex T can
react with another molecule of acetanilide which leads to the
formation of stable bimetallic complexes D (Scheme 3).
Details of the C-H activation within the trinuclear palladium
complexes as well as the role of mononuclear or binuclear
complexes formed during this initial phase of the reaction
represent a challenging nut to be cracked and our work is
ongoing.

This journal is © The Royal Society of Chemistry 2017
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The trinuclear complex T is unstable. Attempts to dissolve
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or acetonitrile cause its transformation to the yellow binuc-
lear complex D. This proves its reaction intermediate
character.
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