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ABSTRACT: The chemistry of a palladium(II) complex
containing both an alkyl− and an aryl−palladium bond is
reported. The reaction of [Pd(CH2CMe2C6H4)(MesN
CHCHNMes)] with bromine or iodine leads to reductive
elimination of 1,1-dimethylcyclobutabenzene with formation
of [PdX2(MesNCHCHNMes)] (X = Br, I). However,
the reaction with hydrogen peroxide gives [Pd-
(CH2CMe2C6H4O)(MesNCHCHNMes)] by overall
oxygen atom insertion into the aryl−palladium rather than
the a lky l−pa l lad ium bond . This complex [Pd-
(CH2CMe2C6H4O)(MesNCHCHNMes)] reacts with
bromine, iodine, or hydrogen peroxide to give 3,3-dimethyl-
2,3-dihydrobenzofuran and the corresponding complex
[PdX2(MesNCHCHNMes)]. The mechanisms of reaction and basis for selectivity are discussed. The results support
the view that oxygen atom insertion is a mechanistically viable pathway for selective catalytic oxidation of hydrocarbons by the
green oxidant hydrogen peroxide.

■ INTRODUCTION

The development of organopalladium(IV) chemistry in recent
years has been impressive and has stimulated research into
catalysis involving Pd(II)/Pd(IV) cycles to complement the
many important catalytic reactions involving Pd(0)/Pd(II)
cycles.1,2 The higher oxidation state catalysis has the greatest
potential in reactions carried out under oxidizing conditions,
including the functionalization of hydrocarbons to form
oxygenated or halogenated derivatives.1−3 These catalytic
reactions typically contain steps involving oxidation of
palladium(II) to palladium(IV) by oxygen, halogen, or their
equivalents (i.e., peroxide or hypervalent halide oxidants),
followed by reductive elimination involving C−O or C−X (X =
halogen) bond formation. It is therefore important to
understand the factors that influence reactivity and selectivity
in these reactions.1−3

Palladium(IV) complexes containing both Pd−C(sp3) and
Pd−C(sp2) bonds, such as A (Scheme 1), allow a direct study
of selectivity in reductive elimination.4−6 The Sanford group
has shown that the first step in the reductive elimination from A
is dissociation of the ligand X− (e.g., X− = PhO−, NO3

−, OTs−,
NHTs−) to give the 16-electron 5-coordinate intermediate B.
This Pd(IV) intermediate can undergo reduction to Pd(II)
through three possible routes: (1) nucleophilic attack by X−

gives C with CH2−X bond formation, (2) concerted intra-
molecular reductive elimination with CH2−F bond formation
gives D, or (3) reductive elimination of C−C gives 1,1-
dimethylcyclobutabenzene and E. The 14-electron complexes
D and E undergo further coordination with X− to give square-
planar 16-electron palladium(II) complexes. The selectivity in

the reductive elimination is dependent on the nature of the
anion X−.4

The Mirica group showed that the palladium(II) complex F
(Scheme 2) was easily oxidized by oxygen or hydrogen
peroxide to give the stable hydroxopalladium(IV) complex G,
from which, on heating to 110 °C in dimethyl sulfoxide
solution, reductive elimination occurred to give a complex that
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Scheme 1. Competition among C−X (X = OR, NHR), C−F,
and C−C Reductive Elimination from the Palladium(IV)
Complex A4
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was formulated as H.5 In contrast to the Sanford complexes of
Scheme 1,4 the reductive elimination from G involves selective
C(sp2)−O rather than C(sp3)−O bond formation, probably by
a concerted intramolecular mechanism.5 The tentatively
assigned intermediate H subsequently reacts with acid to give
2-tert-butylphenol. Protonolysis of a metal−carbon bond in the
related compound [Pd(CH2CMe2C6H4)(PMe3)2] with phos-
phine instead of amine donor ligands is proposed to occur
through a transient hydridopalladium(IV) intermediate and can
lead to cleavage of either the Pd−C(sp3) or Pd−C(sp2) bond,
though the latter is favored kinetically.6a

These observations show that the nature of the supporting
ligands play a key role in controlling the selectivity of sp2 or sp3

C−X bond formation. The Me3TACN and hydroxo ligands in
G (Scheme 2) do not easily dissociate; therefore, reaction is
proposed to occur directly from the 6-coordinate 18-electron
complex.5 However, the X− ligand in A (Scheme 1), which is
trans to a high trans influence alkyl group, dissociates reversibly
and, as has been established for several related palladium(IV)
and platinum(IV) complexes,1,7 the reductive elimination
occurs more easily from the 16-electron intermediate B.4

The commonly acknowledged pathways for reductive C−O
bond formation include a stepwise nucleophilic attack (i.e.,
Scheme 1) or a concerted pathway. A third, less well studied
pathway involves overall oxygen atom insertion into a Pd−C
bond. Hillhouse found that treatment of the nickel(II) complex
I with nitrous oxide afforded a Ni(II) dimer J with an oxygen
atom inserted selectively into the Ni−C(sp2) bond (Scheme
3).8 Oxidation of the monomer K with iodine leads to
formation of the diiodonickel(II) complex L and the
benzofuran derivative BF, through C(sp3)−O reductive
elimination.

Oxygen atom insertion into arylpalladium or arylrhodium
bonds has also been established in complexes where no
alkylpalladium bond is present (Scheme 4). Several oxygen

atom donors could be used but, in most cases, oxidation with
hydrogen peroxide or tert-butyl hydroperoxide required an
iron(III) or vanadium(IV) catalyst (Scheme 4).9 The
mechanism was proposed to involve a transient oxopalladium-
(IV) intermediate, whose possible nature has recently been
probed theoretically.10 Only with ligand assistance has the
direct reaction with hydrogen peroxide in water been observed
(Scheme 5).3a

Recently, the hydroxylation of arenes using O2 or H2O2 as
the environmentally benign oxidant and O atom source has
been achieved, with some examples using palladium(II)
catalysts.11 The identification of the operative pathway for
C−O bond formation is critical for the continued optimization
of catalytic functionalization of both arenes and alkanes.1−3

Herein, we study the reactions of the palladium(II) complex
[Pd(CH2CMe2C6H4)(MesNCHCHNMes)] with the ox-
idants H2O2 and halogens. We chose the diimine ligand
MesNCHCHNMes12 on the basis that the nitrogen
donors will allow oxidation to the Pd(IV) state (compare
Schemes 1 and 2),4,5 while the steric bulk of the N-mesityl
substituents will promote reductive elimination. The reactions
lead to C−O and C−C bond formation from the palladacycle,
including selective oxygen atom insertion from the hydrogen
peroxide oxidant.

Scheme 2. Reductive Elimination with Selective Aryl C−O
Bond Formation5

Scheme 3. Precedent for O Atom Insertion into M−Ar from
Organonickel Chemistry8

Scheme 4. Examples of Oxygen Atom Insertiona,9

aReagents: (i) MCPBA, C6F5IO, or H2O2/Fe(III) catalyst; (ii) t-
BuOOH/[V(O)(acac)2] catalyst.

Scheme 5. Ligand-Assisted Reaction with H2O2
3a
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■ RESULTS AND DISCUSSION
The complex [Pd(CH2CMe2C6H4)(MesNCHCH
NMes)] (1) was prepared by ligand exchange from the
corresponding 1 ,5 -cyc looctad iene complex [Pd-
(CH2CMe2C6H4)(COD)]

5,6 and MesNCHCHNMes12

according to eq 1. The best yield of 75% was obtained by

carrying out the reaction in ether solution at −65 °C for 17 h.
Once obtained in pure form, complex 1 was thermally stable
and could be stored at room temperature in air for extended
periods. In order to facilitate subsequent reaction monitoring of
1, a complete assignment of the 1H and 13C NMR spectra of
the complex was made by using a combination of correlated
1H−1H COSY and 1H−13C HSQC and HMBC NMR spectra.
Complex 1 has effective Cs symmetry, and its 1H NMR
spectrum contained two singlet imine resonances at δ 7.06 and
7.05 and two sets of mesityl resonances. The CH2 and CMe2
resonances of the hydrocarbon ligand appeared at δ 2.48 and
1.49, respectively.
The structure of complex 1 was determined and is shown in

Figure 1. Along with a molecule of ether, there are two

independent but similar molecules of 1 found in the unit cell,
designated by Pd(1) and Pd(2). Both molecules are square
planar with very small values of Houser’s τ4 parameter of 0.053
and 0.042 (τ4 = 0 for an ideal square-planar complex).13 A
significant difference between the two molecules is in the
degree of nonplanarity of the metallacycle formed with the
hydrocarbon ligand. In the Pd(2) molecule C(6B) and C(7B)
are displaced out of the square plane by 0.33 and 0.77 Å,
respectively. In Pd(1), a higher degree of distortion by 0.10 Å is
observed for both C(6A) and C(7A). A difference in the twist

angles of the mesityl groups with respect to the square plane of
the palladium center is also observed between Pd(1) and
Pd(2). The angle between the square plane and the two mesityl
planes are 77 and 91° for the Pd(1) molecule and 79 and 78°
for the Pd(2) molecule.
The reaction of complex 1 with bromine or iodine occurred

largely according to eq 2 to give 1,1-dimethylcyclobutabenzene

(CB) and the corresponding palladium(II) complex
[PdX2(MesNCHCHNMes)] (2a, X = Br; 2b, X = I).
The 1,1-dimethylcyclobutabenzene, which was characterized by
its 1H NMR and mass spectra,4b,14 is presumed to be formed by
reductive elimination, with C−C bond formation, from a
palladium(IV) intermediate by analogy with the mechanism of
Scheme 1.4 However, when the reaction was monitored by 1H
NMR spectroscopy, no palladium(IV) complex was detected;
therefore, this presumed intermediate is transient. The
complexes 2a,b have effective C2v symmetry, and in contrast
to 1, the 1H NMR spectra contained only one imine resonance
and one set of mesityl resonances. The structures of 2a,b were
determined and are shown in Figure 2. Both structures are

square planar (τ4: 2a, 0.00; 2b, 0.079). In the structure of 2a
the molecule contains a crystallographic 2-fold rotation axis.
The structure of 2b is more complex, and the repeat unit has
the formula (2b)3·2(acetone), with three independent but
similar molecules of 2b, only the Pd(1) molecule of which is
shown in Figure 2.

Figure 1. Structures of the two independent molecules of complex 1,
showing 30% probability ellipsoids. Selected bond distances (Å) and
angles (deg): Pd(1)C(1A) 1.994(4); Pd(1)C(8A) 2.018(4); Pd(1)-
N(1A) 2.170(3); Pd(1)N(2A) 2.119(3) Å; C(1A)Pd(1)C(8A)
79.42(16); N(2A)Pd(1)N(1A) 76.82(12)o; Pd(2)C(1B) 1.993(4);
Pd(2)C(8B) 2.039(5); Pd(2)N(2B) 2.117(3); Pd(2)N(1B) 2.158(3);
C(1B)Pd(2)C(8B) 79.43(18); N(2B)Pd(2)N(1B) 76.57(13).

Figure 2. Structures of complexes 2a (left) and 2b (right), with
ellipsoids shown at the 50% probability level. Selected bond distances
(Å) and angles (deg) for 2a: Pd(1)N(1) 2.023(3); Pd(1)Br(1)
2.4085(5); N(1)Pd(1)N(1A) 79.92(14); Br(1)Pd(1)Br(1) 93.47(3).
Selected bond distances (Å) and angles (deg) for 2b: Pd(1)N(1A)
2.065(2); Pd(1)N(2A) 2.069(2); Pd(1)I(2A) 2.5668(5); Pd(1)I(1A)
2.5700(5); N(1A)Pd(1)N(2A) 79.03(9); I(2A)Pd(1)I(1A)
90.437(17).
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The reaction of complex 1 with hydrogen peroxide occurred,
with selectivity different from the reactions with halogens,
according to eq 3. The reaction to give the product

[Pd(CH2CMe2C6H4O)(MesNCHCHNMes)] (3) occurs
by selective oxygen atom insertion into the aryl−palladium
bond. The product is analogous to that observed previously by
Hillhouse8 on oxidation of Ni(II) complexes with N2O
(Scheme 3). To identify the optimal reaction conditions, the
conversion was monitored by 1H NMR spectroscopy by
following the diagnostic imine singlets of 1 and 3 (Table 1 and

Figure 3). The conversion to 3 is highest in more polar solvents
(Table 1, entries 1−4), suggesting a charge-separated species is
important in the formation of 3. Alternatively, the more polar
solvent may promote miscibility of the H2O2 solution (30% in
H2O). Using acetone as the optimal solvent, the reaction time
was increased from 1 to 3 h, giving a maximum conversion of
82% (entry 5). The formation of 3 is thus considerably slower
than reaction of 1 with the halogens to give 2a,b (eq 2), in
which a dramatic color change is observed within minutes.
Different amounts of H2O2 in the range of 1−4 equiv were

tested (entries 5−9), revealing that 2 equiv is optimal. The
decrease in observed yield of 3 with greater amounts is notable
in the context of catalytic applications, where an oxidant is used
in considerable excess to the catalyst. Here, the low conversion
with greater amounts is, at least in part, due to subsequent
reactivity of 3 to release the organic ligand as a benzofuran
product (vide infra). The optimization reveals that the
maximum conversion to 3 (82%) is achieved in acetone with
2 equiv of H2O2 in a reaction time of 3 h, and the isolated yield
was 50% under these conditions.
Compound 3 was fully characterized by 1H and 13C NMR

and IR spectroscopy, mass spectrometry, elemental analysis,
and X-ray crystallography. The 1H NMR spectrum gives two
sets of imine and mesityl resonances, indicating that 3 has Cs
symmetry (Figure 3). The singlet resonances for CH2 and
CMe2 are found at δ 1.73 and 1.10, respectively, upfield of
those found for 1.
The structure of complex 3 was determined as the benzene

solvate and is shown in Figure 4. The structure confirms the

selectivity for O atom insertion is for the Pd−C(sp2) bond. The
six-membered PdC4O ring adopts a twist-chair conformation,
with the atom C(6) having the highest displacement of 0.64 Å
from the palladium square plane. The two mesityl rings are
twisted out of the square plane of the palladium diimine ring by
67 and 79°.
The complex 3 reacted with bromine or iodine oxidants to

give the corresponding complex 2a or 2b and 3,3-dimethyl-2,3-
dihydrobenzofuran (BF) according to eq 4. Complexes 2a,b

Table 1. Optimization of the Formation of 3 from 1 at Room
Temperaturea

entry solvent εb time (h) 1:H2O2 3 (%)c

1 (CD3)2CO 20.7 1 1:2 67
2 CD2Cl2 8.9 1 1:2 33
3 CDCl3 4.8 1 1:2 40
4 C6D6 2.2 1 1:2 21
5 (CD3)2CO 20.7 3 1:2 82
6 (CD3)2CO 20.7 3 1:1 43
7 (CD3)2CO 20.7 3 1:1.5 62
8 (CD3)2CO 20.7 3 1:3 40
9 (CD3)2CO 20.7 3 1:4 37

aAll reactions were carried out under air and at room temperature (see
the Experimental Section for details). bDielectric constant of solvent.
cThe yield of 3 was calculated by integration of its imine resonances
relative to the internal standard 1,3,5-trimethoxybenzene.

Figure 3. 1H NMR spectra in the region of the imine protons during
reaction of complex 1 with 2 equiv of H2O2 in (CD3)2CO at room
temperature to give complex 3. Spectra depict (a) authentic 1 and the
reaction mixture of 1 and H2O2 after (b) 10 min, (c) 2 h, and (d) 3 h.

Figure 4. View of the structure of complex 3 (ellipsoids at 50%
probability). Cocrystallized benzene and hydrogen atoms are not
shown, for clarity. Selected bond distances (Å) and angles (deg):
Pd(1)O(1) 1.9900(10); Pd(1)C(1) 2.0124(12); Pd(1)N(2)
2.0187(11); Pd(1)N(1) 2.1685(10); O(1)Pd(1)C(1) 92.45(4);
N(2)Pd(1)N(1) 78.12(4).
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were characterized as described above, while the organic
product 3,3-dimethyl-2,3-dihydrobenzofuran was identified by
its NMR and mass spectra and isolated in 27% yield from the
reaction with iodine.15 The reaction is expected to occur by an
oxidative addition−reductive elimination sequence, but no
palladium(IV) intermediate was detected. The presumed
reductive elimination step occurs selectively by C(sp3)−O
bond formation, rather than C(sp3)−X bond formation. The
formation of 2a,b and BF is consistent with halide oxidation of
the analogous O atom inserted nickel complex studied by
Hillhouse8 (Scheme 3). The reaction of 1 with excess hydrogen
peroxide occurs to give 3 (eq 3), and then further reaction
occurs with release of 3,3-dimethyl-2,3-dihydrobenzofuran (eq
4). In this case the expected dihydroxopalladium(II) complex
2c has not been obtained in pure form. When the reaction with
H2O2 was monitored by 1H NMR spectroscopy, imine
resonances for a symmetrical complex, suggested to be 2c,
were observed but they decayed over a period of hours. It is
well-known that hydroxopalladium(II) complexes tend to form
dimers or oligomers by forming bridging hydroxide or oxide
groups, and this may occur with the proposed complex 2c.16,17

However, we have not been able to isolate pure products or to
identify them by NMR spectroscopy or ESI-MS or MALDI-
MS, and the characterization of 2c remains tentative. The
requirement for excess hydrogen peroxide in this case suggests
that a parallel palladium-catalyzed decomposition of hydrogen
peroxide may occur.17

A solution of complex 3 in acetone-d6 reacted quickly with
CO (1 atm) to give a precipitate of palladium black. After 15
min, the solution was filtered to remove the Pd and the organic
products were identified as the free diimine ligand and 4,4-
dimethyl-2-oxo-2H-1-benzopyran (BP) by their 1H NMR
spectra (eq 5). The formation of the benzopyran derivative

BP was confirmed by GC-MS and was the only product derived
from the palladacycle unit of 3 that was detected. In this case,
the product is suggested to form by CO insertion followed by
reductive elimination from a palladium(II) complex inter-
mediate. The nickel(II) complex J (Scheme 3) gives a similar
reaction with carbon monoxide to form BP.8

To gain more insight into the selective oxygen atom insertion
reaction to give complex 3, DFT calculations were carried out
(see the Experimental Section for details). Some of the
potential reactions of complex 1 with hydrogen peroxide are
shown in Scheme 6, and calculations of the energies of reaction
were carried out for each case. The simplest reactions
considered were trans or cis oxidative addition to give the
palladium(IV) complexes 5a−c. More complex reactions
involve oxidative addition followed by either reductive
elimination with C−O bond formation to give 3 or 4 and
water or 6 or 7 or reductive elimination with C−C bond
formation to give 2c and 1,1-dimethylcyclobutabenzene (CB).
Of the palladium(IV) isomers 5a−c, the product of trans
oxidative addition, 5a, is calculated to be most stable and, in
related platinum(II) chemistry, trans oxidative addition is also
preferred kinetically in the polar mechanism of oxidative
addition of O−O bonds.18 Formation of complex 3 or 4

involves overall oxygen atom insertion into the Pd−C(sp2) or
Pd−C(sp3) bond, respectively, and formation of 3 is favored by
45 kJ mol−1 over 4. Similarly, the complex 6 or 7 would be
formed by formal C(sp2)−O or C(sp3)−O reductive
elimination from 5a−c. Product 6 (which is analogous to
complex H in Scheme 2) is calculated to be at lower energy
than 7 by 45 kJ mol−1. The theory thus indicates that the
products of aryl−oxygen bond formation, 3 and 6, which are
related by addition or loss of water, are thermodynamically
most stable. Simple calculated bond energies favor 6 over 3 +
H2O by 9 kJ mol−1, but if the water remains hydrogen bonded
to 3, then 3·H2O is more stable than 6 by 41 kJ mol−1. Of
course, entropy effects favor 3 + H2O over 6. The products will,
of course, be controlled by kinetic factors, but the selective
formation of complex 3 (Scheme 6) is consistent with there
being a lower activation energy for formation of a more stable
product.
A suggested mechanism of reaction to give complex 3 is

shown in Figure 5. The initial encounter complex 8 is formed
between complex 1 and H2O2, involving donation from the
filled 4dz2 orbital of 1 to the vacant σ*(OO) orbital of H2O2,
indicated by M in Figure 5, leading to an increase in the
calculated O−O bond distance from 1.59 to 1.72 Å. The rate-
determining step is likely to involve further charge transfer to
H2O2 with cleavage of the O−O bond to give the proposed
palladium(IV) complex intermediate 9. Complex 9 can be
considered to contain a Pd+OH group hydrogen bonded to
hydroxide or an oxopalladium (Pd+O−) group hydrogen
bonded to water. The importance of such an intermediate is
consistent with the experimental observation that polar solvents
are preferable for this reaction. Since the reagent used was 30%
aqueous H2O2, it is likely that additional water molecules may
be involved in stabilizing 9, and so its structure is tentative.19

With this proviso, the calculation suggests that it should be

Scheme 6. Potential Reactions of Complex 1 with H2O2 and
Calculated Energies of Reaction (kJ mol−1)
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considered primarily as an oxo complex, with the significant
hydrogen bonding to water (Figure 5) providing a mechanism
to avoid the “oxo wall”.10,20 Once C−O bond formation begins,
the formation of complex 10, which is just complex 3 hydrogen
bonded to water, is very favorable, and then dissociation of
water gives the observed product 3. The mechanism (Figure 5)
can be considered to combine the deprotonation and bond
formation steps of the proposed Mirica mechanism5 of Scheme
2. Generation of 3 via the latter, stepwise path cannot be
conclusively discarded. In such a process, complex 10 could be
considered to be an intermediate on the way to a phenol
derivative along with hydroxide, and this step could be followed
by deprotonation of the phenol to give 3. Deprotonation would
be disfavored in the Mirica system, since such a step would
generate the strong acid HClO4 rather than the 1 equiv of H2O
produced here.
Scheme 7 shows the potential products and their relative

energies from reaction of complex 1 with bromine and iodine.
In this case the reaction to give 2a and 1,1-dimethylcyclobu-
tabenzene (CB) is calculated to be most favorable, again
consistent with the experimental observations. The preference
for C−C over C−X reductive elimination is calculated to follow
the sequence X = I > Br > OH (Schemes 6 and 7) and can be
rationalized by the relative Pd−X and C−X bond dissociation
energies, with D(C−X) − D(Pd−X) following the ligand
hardness sequence X = OH > Br > I. In contrast to the case
with X = OH (Scheme 6), the theory predicts that, for C−X
bond formation, reaction at C(sp3) is preferred over that at
C(sp2), with 11 being lower in energy than 12 (Scheme 7).

In the above examples, the thermodynamically more stable
products are also favored kinetically, as they are the
experimentally observed products. This is also the case for
the reactions of 3 with Br2 and I2 (Scheme 8). The calculations

Figure 5. Calculated structures and relative energies (kJ mol−1) of complexes and intermediates in the reaction of 1 with H2O2 to give complex 3. I
represents the proposed initial interaction between the 4dz2 HOMO of complex 1 and the σ* LUMO of H2O2. Selected calculated bond parameters
(distance in Å and angles in deg): H2O2, O−O 1.59, O−H 1.01; 6, Pd···O 2.47, O−O 1.72, PdO−H 1.00, PdOO−H 1.01, Pd···O−O 177; 7, Pd−O
1.98, O···O 2.57, PdO··H 1.54, PdOH−O 1.05, PdOHO−H 1.00; 8, Pd−O 2.02, O···O 2.77, PdO···H 1.77, PdOH−O 1.01, PdOHO−H 0.99; 3,
Pd−O 2.02.

Scheme 7. Possible Products and Their Relative Energies (kJ
mol−1) from Reaction of Complex 1 with Bromine or Iodine
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show that oxidation followed by intramolecular C(sp3)−O
reductive elimination to give BF and 2a,b is more favorable
than reductive elimination to give 15a,b that contains a new
C(sp3)−X bond (X = Br, I). In contrast, 2c and BF are not the
most favorable products for oxidation of 3 with H2O2. Instead,
the more stable product is expected to be 15c or the cyclic
derivative 16. Experimentally BF is observed as a product of
oxidation of 3 with H2O2 (eq 4). It is expected that the
products in all of the reactions are determined by kinetic
control and this is the only case in which the product is not also
the most thermodynamically stable, as calculated by DFT.
From a mechanistic point of view, the reductive elimination

following oxidation of 3 with Br2, I2, or H2O2 is likely to occur
from a five-coordinate Pd(IV) intermediate (Scheme 9 for the
representative example with I2). Initial attack by the electro-

philic iodine is likely to give the diiodine complex 12, for which
several precedents are known.21 Complete I−I bond cleavage
from 12 followed by attack of the iodide ion at palladium or at
the CH2 group would give 9b or 10b, respectively (Scheme 8).
However, intramolecular C−O reductive elimination to give 2b
is evidently preferred, perhaps after pseudorotation of 12 to
give the isomer 13 so that the initial benzofuran (BF)
palladium(II) complex 15 is formed in its most stable form
by way of transition state 14. Then displacement of BF by
iodide via complex 16 completes the reaction.

■ CONCLUSIONS
The initial reaction of complex 1 with hydrogen peroxide
occurs to give selective oxygen atom insertion into the
arylpalladium bond to give complex 3 (eq 3), while the
reactions with bromine and iodine lead to intramolecular C−C
bond formation to give 1,1-dimethylcyclobutabenzene and 2a
or 2b (eq 2). Complex 3 reacts with all three oxidants by
intramolecular C−O bond formation to give 3,3-dimethyl-2,3-
dihydrobenzofuran and 2a, 2b, or 2c (eq 4). In most cases,
experimentally observed oxidation products were calculated to
be the most thermodynamically stable products. This suggests
that, in similar systems, thermodynamic stability can act as a
good guide for kinetically controlled oxidation selectivity. The
observed oxygen atom insertion may be an operative process in
C−O bond forming reactions catalyzed by Pd with H2O2 as the
oxidant. The selectivity observed here is promising for a greater
development in catalytic oxidations of hydrocarbons.

■ EXPERIMENTAL SECTION
Reagents and General Procedures. All reactions were carried

out in air, unless otherwise specified. For those reactions that were
conducted under a nitrogen atmosphere, standard Schlenk techniques
were used. All solvents used for air- and moisture-sensitive reactions
were purified using an Innovative Technologies 400-5 Solvent
Purification System (SPS) and were stored over activated 4 Å
molecular sieves. NMR spectra were recorded at 298 K using Varian
INOVA 400 and 600 MHz spectrometers. 1H and 13C chemical shifts
were referenced internally to solvent (residual signal for 1H) where the
chemical shift was set to appropriate values relative to TMS at 0.00
ppm. Complete assignments of each compound were aided by the use
of 1H−1H gCOSY, 1H−13C{1H} HSQC, and 1H−13C{1H} HMBC
experiments and are reported using the labeling scheme in Chart 1.

Commercial reagents and aqueous 30% H2O2 were used without
further purification. The complex [PdCl2(COD)]

5,6a and the diimine
ligand 1,2-bis(mesitylimino)ethane12 were synthesized according to
the literature procedures. The complex [PdCl(CH2CMe2C6H5)-
(COD)]5,6a was prepared under N2 following the procedure reported
by Mirica et al.5 with the following slight modification: after addition
of the Grignard reagent at −70 °C, the solution was stirred at low

Scheme 8. Potential Products and Their Relative Energies
(kJ mol−1) from Reactions of Complex 3

Scheme 9. Likely Mechanism for Reactions of Complex 3
with Oxidants X2 (X = Br, I, OH) and the Relative Energies
(kJ mol−1) for the Case with X = I

Chart 1. Atom Labels for Complexes 1 and 3 for NMR
Spectroscopy Assignments
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temperature and slowly warmed to room temperature over 17 h.
Complex [Pd(CH2CMe2C6H4)(COD)]

5,6a was also prepared under
N2 following a procedure from Mirica et al.5 with the following minor
modification: the reaction was carried out using an ice bath, and a
degassed water solution was used to dissolve the base. In both
modified syntheses, 1H NMR spectra matched literature values and
yields were improved by 30% and 10%, respectively. Elemental
analyses were performed by Laboratoire d’Analyze Éleḿentaire de
l’Universite ́ de Montreál. Organic products were analyzed using a
Shimadzu GCMS-QP2010 Ultra GC with a DB-5 column. MALDI-
TOF mass spectra were collected using an AB Sciex 5800 TOF/TOF
mass spectrometer using anthracene as the matrix in a 20:1
matrix:substrate molar ratio.
[PdII(CH2CMe2C6H4)(MesNCHCHNMes)] (1). To a stirred

solution of [Pd(CH2CMe2C6H4)(COD)] (0.907 g, 2.00 mmol in
ether (50 mL) cooled to −65 °C was added a solution of MesN
CHCHNMes (0.764 g, 2.00 mmol) in ether (20 mL). The mixture
was stirred and slowly warmed to room temperature over 17 h, during
which time the color of the solution changed from yellow to red. Upon
removal of the solvent under reduced pressure, a red solid was formed,
which was reprecipitated from ether (5 mL) with hexanes (30 mL).
The solid was collected by filtration and dried under vacuum, to give 1
as an air-stable product (0.841 g, 1.58 mmol, 75%). 1H NMR (C6D6,
600 MHz): δ 7.06 (s, H1, 1H), 7.05 (s, H2, 1H), 7.00 (t, J = 7 Hz, H5,
1H), 6.94 (d, J = 7 Hz, H4, 1H), 6.86 (m, H6, 1H), 6.77 (s, H20, 2H),
6.75 (s, H14, 2H), 6.65 (d, J = 8 Hz, H7, 1H), 2.48 (s, H10, 2H), 2.17
(s, H16 and H17, 9H), 2.12 (s, H22, 6H), 2.10 (s, H23, 3H), 1.49 (s,
H11, 6H). 13C NMR (C6D6, 600 MHz): δ 170.19 (C8), 161.64 (C1),
161.45 (C2), 158.71 (C3), 147.44 (C18), 146.66 (C12), 136.36 (C15),
136.26 (C21), 134.85 (C7), 129.61 (C14), 129.47 (C20), 128.93 (C13
and C19), 124.76 (C5), 124.40 (C6), 122.61 (C4), 48.00 (C9), 47.58
(C10), 34.68 (C11), 21.40 (C23), 21.32 (C17), 18.85 (C22), 18.45
(C16). Note that the correlations do not identify specific rings;
therefore, assignments for the C12−C17 and C18−C23 rings, and for
imine groups C1 and C2, are arbitrary and could be inverted. MALDI
MS (anthracene matrix): calcd m/z 530.2 [Pd(MesNCHCH
NMes)(CH2CMe2C6H4)]

•+, obsd m/z 530.2. Anal. Calcd for
C30H36N2Pd: C, 67.85; H, 6.83; N, 5.28. Found: C, 67.81; H, 7.00;
N, 5.14. Red crystals suitable for single-crystal X-ray crystallographic
analysis were grown by the slow evaporation of a solution of 1 in ether
at room temperature.
[PdBr2(MesNCHCHNMes)] (2a). To a solution of complex 1

(0.020 g, 0.037 mmol) in acetone (2 mL) was added excess Br2 (10.4
μL, 0.203 mmol) with stirring. After 5 min the reaction mixture
became bright orange. After 2 h the volume of solvent was reduced to
∼1 mL and pentane (4 mL) was added to precipitate the product as an
orange powder, which was separated by filtration, washed with pentane
(3 × 2 mL) and hexanes (3 × 2 mL), and dried under high vacuum
(0.021 g, 0.031 mmol, 85%). 1H NMR (600 MHz, DMSO-d6): δ 8.27
(s, 2H, CHN), 6.97 (s, 4H, mes-H), 2.29 (s, 18H, 6Me). Anal.
Calcd for C20H24Br2N2Pd: C, 43.00; H, 4.33; N, 5.01. Found: C,
43.35; H, 4.42; N, 4.85. Orange crystals suitable for single crystal X-ray
crystallographic analysis were grown from the slow vapor diffusion of
methanol into a DMSO solution of 2a.
[PdI2(MesNCHCHNMes)] (2b). Compound 2b was synthe-

sized in a way similar to that for 2a, but using I2 (0.027 g, 0.092 mmol,
2.5 equiv) instead of Br2. The dark red solid was formed in 65% yield
(0.028 g, 0.036 mmol). 1H NMR (600 MHz, (CD3)2CO): δ 8.51 (s,
2H, CHN), 6.95 (s, 4H, mes-H), 2.30 (m, 18H, 6Me). Anal. Calcd
for C20H24I2N2Pd: C, 36.81; H, 3.71. Found: C, 36.90; H, 3.71.
Orange crystals suitable for single-crystal X-ray crystallographic
analysis were grown by the slow evaporation of an acetone solution
of 2b at room temperature.
[Pd(MesNCHCHNMes)(CH2CMe2C6H4O)] (3). A vial was

charged with a stir bar, 1 (0.040 g, 0.072 mmol), and acetone (4 mL).
An H2O2 solution (7.5 μL, 2 equiv, 0.14 mmol) was placed in the vial
via a microliter syringe with stirring. The solution was stirred for 3 h,
and then the solvent was evaporated to dryness and the residue was
washed with hexanes (3 × 3 mL). The crude product was isolated by
silica gel column chromatography (9/1 ethyl acetate/pentane) (Rf =

0.087). The product was observed as a dark green band, fractions of
this color were combined, and the solvent was removed under vacuum
to give 3 as a dark green solid in 50% yield (0.019 mg, 0.036 mmol).
NMR ((CD3)2CO, 600 MHz): δ(1H) 8.57 (s, H1,1H), 8.44 (s, H2,
1H), 7.01 (s, H14, 2H), 6.98 (s, H20, 2H), 6.78 (d, 1H, J = 8 Hz, H4),
6.63 (m, 1H, H5), 6.25 (d, 1H, J = 8 Hz, H7), 6.19 (t, J = 8 Hz, H6,
1H), 2.38 (s, H22, 6H), 2.32 (s, H17, 3H), 2.32 (s, H23, 3H), 2.25 (s,
H16, 6H), 1.73 (s, H10, 2H), 1.10 (s, H11, 6H); δ(13C) 167.14 (C1),
164.40 (C3), 162.85 (C2), 145.26 (C12), 145.09 (C18), 138.85 (C8),
136.85 (C21), 136.30 (C15), 129.54 (C19), 129.38 (C13), 129.25
(C20), 129.11 (C14), 126.12 (C5), 124.89 (C4), 118.98 (C7), 113.44
(C6), 47.58 (C10), 34.50 (C9), 30.84 (C11), 20.76 (C23), 20.69
(C17), 18.39 (C22), 17.67 (C16). Note that the correlations do not
identify specific rings,; therefore, assignments for the C12−C17 and
C18−C23 rings, and for imine groups C1 and C2, are arbitrary and
could be inverted. MALDI MS (anthracene matrix): calcd m/z 546.2
[Pd(MesNCHCHNMes)(CH2CMe2OC6H4)]

•+, pbsd m/z
546.2. Anal. Calcd for C30H36N2OPd.H2O: C, 63.77; H, 6.78; N,
4.96. Found: C, 64.03; H, 6.67; N, 4.79. Single crystals suitable for X-
ray crystallographic analysis were grown by the slow evaporation of a
benzene solution of 3 at room temperature.

Reaction of Complex 1 with Halogens. A 1:1 solution of iodine
and complex 1 in CDCl3 was monitored by 1H NMR spectroscopy.
The resonances for complex 2b and 1,1-dimethyl-1,2-dihydrocyclobu-
tabenzene were observed, and complex 1 was completely con-
sumed.4b,14 After 2 h, the volume of the solution was reduced and
pentane was added to precipitate complex 2b. The solid was filtered
and washed with pentane, and the solvent was removed from the
filtrate to give 1,1-dimethyl-1,2-dihydrocyclobutabenzene (CB) as a
yellow oil, which was redissolved in CDCl3 and characterized by 1H
NMR spectroscopy and GC-MS. Yield of CB: 37%, calculated using
dimethyl terephthalate as internal standard. 1H NMR for CB (CDCl3,
600 MHz): δ(1H) 8.01 (m, 1H, C6H4), 7.17 (m, 1H, C6H4), 7.07 (m,
1H, C6H4), 7.01 (m, 1H, C6H4), 2.95 (s, 2H, CH2), 1.42 (s, 6H, Me).
LR-MS: found m/z 132.15, calcd for C10H12 m/z 132.2. The reaction
of 1 with bromine was carried out in a similar way.

Reaction of Complex 3 with Halogens. A solution of 3 (0.020
g, 0.036 mmol) and the internal standard dimethyl terephthalate
(0.001 g, 0.009 mmol) was prepared in acetone-d6 (0.7 mL). A 1H
NMR spectrum was obtained to determine the initial ratio of 3 to the
internal standard. To this was added a solution of iodine (0.009 g,
0.036 mmol) in acetone-d6 (0.7 mL), and the reaction was monitored
by 1H NMR spectroscopy. The resonances for complex 2b and 3,3-
dimethyl-2,3-dihydrobenzofuran (BF) were observed; complex 3 was
completely consumed after 2 h.15 The in situ yield of BF was
calculated to be 27% relative to the internal standard. Pentane (2 mL)
was added to the reaction solution to precipitate complex 2b. The
mixture was filtered, and the filtrate was evaporated to give a crude
sample of 3,3-dimethyl-2,3-dihydrobenzofuran (BF) as a pale brown
oil. The oil was dissolved in CDCl3 and characterized by 1H NMR
spectroscopy and GC-MS. 1H NMR (CDCl3, 600 MHz): δ(1H) 4.22
(s, 2H, OCH2), 1.33 (s, 6H, Me), in agreement with the literature
values.15a The aromatic signals are obscured due to the presence of
other signals there. The sample was dissolved in acetone-d6 to facilitate
identification of BF in other reactions. NMR for BF ((CD3)2CO, 600
MHz): δ(1H) 6.64−6.66 (m, 4H, C6H4), 4.19 (s, 2H, OCH2), 1.31 (s,
6H, Me). GC-MS for BF: found m/z 148.2, calcd for C10H12O m/z
148.1. The reaction with bromine was carried out in a similar way.

Reaction of Complex 1 with Excess H2O2. A vial was charged
with a stir bar, complex 1 (0.020 g, 0.036 mmol), and d6-acetone (2
mL). A solution of H2O2 (7.5 μL, 4 equiv, 0.14 mmol) was added to
the vial via a microliter syringe with stirring. The reaction was
monitored by 1H NMR spectroscopy, as conversion to 3, 2c, and BF
occurred. After 10 min relative integration revealed the following
species: 1 (6%), 3 (60%), 2c (34%). Within 2 h signals for 2c had
completely disappeared but 3 persisted. Formation of the organic
product BF was confirmed by comparison to the 1H NMR spectrum of
isolated BF in acetone-d6 (see above). NMR in (CD3)2CO at 600
MHz, resonances tentatively assigned to 2c: δ(1H) 8.10 (s, 2H, CH
N), 6.91 (s, 4H, mes-CH), 2.11 (s, 18H, Me).
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Reaction of Complex 3 with CO. A solution of complex 3 (0.016
g, 0.030 mmol) in acetone-d6 (3 mL) was stirred under a CO
atmosphere at room temperature for 15 min. The solution was filtered
to remove the precipitated palladium black and then monitored by 1H
NMR spectroscopy. Complex 3 was completely consumed, and
resonances for MesNCHCHNMes and 4,4-dimethyl-2-oxo-2H-1-
benzopyran (BP; 77% yield) were observed.8,12 1H NMR for BP
(CD2Cl2, 600 MHz): δ(1H) 7.36 (dd, 1H, aryl), 7.27 (m, 1H, aryl),
7.18 (m, 1H, aryl), 7.05 (dd, 1H, aryl), 2.62 (s, 2H, CH2), 1.35 (s, 6H,
2CH3). LR-MS for BP: found m/z 176.15, calcd for C11H12O2 m/z
176.21.
X-ray Structure Determinations.22 Data Collection and

Processing. A crystal was mounted on a Mitegen polyimide
micromount with a small amount of Paratone N oil. All X-ray
measurements were made using a Bruker Kappa Axis Apex2
diffractometer at a temperature of 110 K. The frame integration was
performed using SAINT, and the resulting raw data were scaled and
absorption corrected using a multiscan averaging of symmetry
equivalent data using SADABS.
Structure Solution and Refinement. The structures were solved by

using the SHELXT program. All non-hydrogen atoms were obtained
from the initial solution. The hydrogen atoms were introduced at
idealized positions and were allowed to ride on the parent atom. The
structural model was fit to the data using full-matrix least squares based
on F2. The calculated structure factors included corrections for
anomalous dispersion from the usual tabulation. The structure was
refined using the SHELXL-2014 program from the SHELX suite of
crystallographic software.22 Details are given in Table S1 and in the
CIF files in the Supporting Information.
DFT Calculations. DFT calculations were carried out for gas phase

structures by using the Amsterdam Density Functional program based
on the BP functional, with double-ζ basis set and first-order scalar
relativistic corrections.23 Minima were confirmed by vibrational
analysis; transition states were not determined. Details are given in
the SI.
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