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ABSTRACT: Traditional Wacker-type oxidations of unbiased alkenes [PACI,(PhCN),], CuCly, AGNO,

O
produce ketones as major products. Recently, Grubbs’ group reported alkyl 7N O,, tBUOH/MeNO,, RT alkyl” N
a Wacker-type oxidation system in which aldehydes (rather than |/L
ketones) have been generated predominantly in the presence of a tBuO/Cr +
nitrite co-catalyst. To elucidate the mechanistic origin of the aldehyde | fer L E
selectivity, density functional theory (DFT) studies have been syn addition H\C R

conducted in this study. Two oxymetalation pathways, ie., syn
addition and anti addition pathways, were considered for various
possible active species including monomeric Pd, bimetallic Pd—Pd,
heterobimetallic Pd—Cu, and heterobimetallic Pd—Ag complexes. It is
found that syn addition is kinetically more favored than anti addition in

N
\
R/E?yo
H
1,2-H shift on tBuOH-ligated Pd-Cu complexes
rate- and regioselectivity-determining step

general. Meanwhile, the most feasible oxymetalation processes occur on the heterobimetallic Pd—Cu complexes. Investigations
on the subsequent aldehyde formation process show that 1,2-H shift mechanism on tBuOH-ligated Pd—Cu complexes is superior
to the betaH-elimination mechanism. Besides, the 1,2-H shift is the rate- and regioselectivity-determining step of the whole
catalytic cycle. The analysis on spin density population indicates that the tBuOH-ligated Pd—Cu complex promotes a radical 1,2-
H shift on the oxygenated alkene. The longer Pd—C(alkene) distance facilitates the aldehyde-selective pathway (relative to the
ketone-selective pathway) due to the stronger stability of the secondary carbon radical and the smaller distortion energy therein.

KEYWORDS: Wacker oxidation, aldehyde, palladium, copper, radical, density functional theory, hydrogen transfer

1. INTRODUCTION

The Wacker oxidation is a powerful tool for the catalytic
synthesis of carbonyls from alkenes because of its high
functional group tolerance and high efficiency.’ Traditional
Wacker-type oxidations produce ketones as the major products
from terminal alkenes in accordance with Markovnikov’s rule
(Scheme 1A). With specific alkenes (such as aryl olefins or alkyl
olefins linked with directing groups),”* such regioselectivity has
been successfully altered and aldehydes have been gained as the

Scheme 1. Traditional and Nitrite-Modified Wacker-Type
Oxidations of Unbiased Alkenes Generate Different
Regioselectivity

A. Traditional Wacker-Type Oxidations

main products. The structural requirements of alkenes limited
the utility of these reactions, and thus aldehyde-selective
Wacker-type oxidations of unbiased alkenes has also been
sought. Nevertheless, this issue remains challenging because the
prelimineu}/ reports obtained only moderate aldehyde selectiv-
ity/yields.

Recently, Grubbs et al. reported novel [PdCL,(PhCN),]-
CuCl,-nitrite catalyzed Wacker-type oxidations in which
aldehydes were gained predominantly from unbiased terminal
alkenes (Scheme 1B).> The reactions occur smoothly at room
temperature in the presence of the mixture of tBuOH and
MeNO, (as solvent) and O, (as oxidant). Functional groups
such as ether, nitro, carboxylic acid, ester, C,,-Br, and C,,3-Br
are well tolerated in this catalytic system. In addition, the highly
selective generation of aldehydes was also achieved from
protected allylic and homoallylic alcohols with this strategy.®
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basis, they proposed that metal mediated the delivery of NO,
radical (generated in situ) to the alkene (Scheme 2A).

Scheme 2. Possible Active Catalysts for Nitrite-Modified
Wacker Oxidations”
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?(a) Monomeric palladium complexes; (b) heterobimetallic Pd—Cu
complexes; (c) heterobimetallic Pd—Ag complexes; (d) bimetallic Pd—
Pd complexes.

Thereafter, NO is formed and aerobically oxidized into NO,
to enable the catalytic use of the nitrite salts. What is more
important is that the stoichiometric reaction of CuCl,, AgNO,,
and alkene gave no conversion, implying that the NO, delivery
may be accomplished by Pd.

Despite Grubbs’ proposal on the active Pd catalysts and
similar mechanistic discussions focusing on monomeric Pd
catalysts,”® some other possibilities still exist. In the early
studies of Feringa et al. on the nitrite palladium and CuCl,
catalyzed Wacker oxidation,* a tBuOH-ligated heterobimetallic
Pd—Cu catalyst is suggested to be determinant for the observed
regioselectivity (Scheme 2B). Similarly, Hosokawa and
Murahashi suggested the catalytic activity of the heterobime-
tallic Pd—Cu complex in their Wacker reactions without
nitrites.” Sigman and Keith’s kinetic studies also suggest that Cu
salts are influential in Wacker oxidation of alkenes.'” In
addition, Goddard and co-workers’ theoretical study indicates
that the heterobimetallic Pd—Cu mechanism is slightly favored
over the monomeric Pd mechanism in the Wacker reaction
with H,O as the oxygen source.'’ Meanwhile, the hetero-
bimetallic Pd—Ag mechanism is also plausible in Grubbs’
reactions because recently the Pd—Ag mechanism was found to
be more plausible than the traditional monomeric-Pd
mechanism in some other reactions (Scheme 2C). For example,
very recently, Wu'> and Schaefer'” et al. found that a Pd—Ag
complex-catalyzed pathway is more favored than the popular
monomeric Pd pathway in some C—H functionalization
reactions. Finally, the bimetallic Pd—Pd mechanism'* in
which CuCl, does not participate in the oxygen transfer step
should also be considered (Scheme 2D).

Another important mechanistic question about the Wacker-
type reaction is the detail of the oxymetalation step.
Historically, the mechanism of oxymetalation for the traditional
Wacker reactions has been longstanding and received wide
attention’ since its discovery in the late 1950s."° Henry
originally proposed that two mechanisms might be responsible
for the oxymetalation in Wacker oxidation, i.e., syn addition and
anti addition (Scheme 3).'° In syn addition, the oxygen source
(H,0 or OH™) and the catalyst locate at the same side of the

Scheme 3. Two Pathways of Oxymetallation in Wacker-Type
Oxidations
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alkene and the oxygen source coordinates to the metal center.
In anti addition, the oxygen source and the catalyst locates at
the opposite side of alkenes, and no direct interaction exists
between the metal center and the oxygen source. The
experimental studies by Henry,'"” Akermark,'® Kurosawa,"
and Stille®” et al. indicate that the dominant mechanism of
oxymetalation for traditional Wacker reactions is syn addition at
low [CI7] (<1.0 M) and [CuCl,] (<1.0 M) concentrations and
is anti addition at high [C]”] (3.0 M) and [CuCl,] (>2.5 M)
concentrations.'"*" Interestingly, the experimental and compu-
tational studies by Sigman and Keith in the absence of copper
salts suggested an anti addition menchanism.'® On the other
hand, the mechanism of oxymetalation has also been
extensively investigated by %uantum-chemical and ab initio
molecular dynamics methods.”” Those reports mostly supports
anti addition'®* rather than syn addition.'"”** In addition to
the reports in which H,O or OH™ act as the oxygen sources,
the oxymetalation mechanism for tert-butylhydroperoxide-
mediated Wacker-type reactions was recently investigated by
Sigman et al. and syn addition was found to be favored.”*

According to the aforementioned mechanistic understanding,
many details on the nitrite-modified Wacker-type oxidations
(such as the form of active catalysts, the pattern of
oxymetalation, and especially the origin of the amazing
aldehyde selectivity) has not been clarified. Theoretical study
could provide preliminary mechanistic understanding and
contribute to the further improvement of this type of reactions.
For this purpose, a DFT study on the mechanism of the nitrite-
modified Wacker-type reactions have been performed in the
present study. Different from the traditional pathway of
oxymetalation on monomeric palladium catalysts, the calcu-
lation results support syn addition on the heterobimetallic Pd—
Cu complexes with a subsequent 1,2-H shift to generate
aldehydes.

2. COMPUTATIONAL METHODS

All density functional theory calculations were conducted with
the Gaussian 09 program.25 Geometry optimization was
performed with B3LYP method’®” in gas phase. 6-31G(d)
basis set was used for main group elements and 6-311G(d) for
Cu. LANL2DZ and the associated basis set”® were used for Pd
and Ag. Polarization functions were added for Pd ({(f) =
1.472) and Ag (¢(f) = 1.611).% Frequency analysis was carried
out at the same level of theory to verify the stationary points as
an intermediate or transition state and to obtain the
thermodynamic energy corrections. Intrinsic reaction coor-
dinate (IRC) analysis®® was conducted to check whether the
transition states connect correct stationary points or not.
Solution-phase single-point energy calculations were conducted
on the basis of the gas-phase-optimized structures by using the
B3LYP method and SMD solvation model (solvent = tBuOH).
The 6-311+G(d,p) basis set was used for main group elements,
6-311G(d) for Cu and SDD basis set’’ for Pd and Ag.
Dispersion corrections at the same level of theory were added
by using the D3 version of Grimme’s dispersion with Becke—
Johnson damping to give a better description of long-range
weak interactions.>> A correction of 1.9 kcal/mol was added to
account for the change from standard states in gas phase to
aqueous solution.'" The reported energies were the solution-
phase single-point energies corrected by gas-phase thermody-
namic energy corrections and solution-phase dispersion
corrections. Both Gibbs free energies and enthalpies are
presented and the following discussions are based on Gibbs
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free energies unless otherwise noted. The noncovalent
interaction plot was generated with the NClIplot developed
by Yang’s group.>

3. RESULTS AND DISCUSSION

3.1. Model Reaction. The reaction of 1-butene and O,
catalyzed by [PdCL(PhCN),], CuCl,, and AgNO, in tBuOH
was used as the model reaction. Three major steps were
considered for the investigated reaction (Scheme 4). First, the

Scheme 4. Model Reaction and Considered Mechanism
[PACI,(PhCN),], CuCly, AGNO,

tBUOH, 2 Et
Oo Et l Iresting state formationl
\/\Et
M]
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aldehyde-selective ketone-selective

Et Et
M = Pd, Pd-Cu, Pd-Ag, Pd-Pd

reactants generated the resting state of the catalysts by ligand
exchange. Then oxymetalation occurred to form a C—O bond
between NO, and the alkene. Finally, the formation of the
major product (aldehyde) or the minor product (ketone)
occurred and regenerated the catalyst to finish the whole
catalytic cycle.

3.2. Resting State of Catalysts. The reactants could
generate different monomeric Pd, bimetallic Pd—Cu, bimetallic
Pd—Ag, and bimetallic Pd—Pd complexes.** The possible
resting states of these catalysts were investigated. The most
stable species for different types of catalysts are shown in
Scheme $, and the others are in the Supporting Information. It
was found that three types of bimetallic PdA—Cu complexes,*
ie., bis(chloride)-bridged (1 and 2), mono(chloride)-bridged
(3), and (chloride)(oxygen)-bridged complexes (4), are
remarkably more stable than the other types of complexes.
The free energies of 1—4 are —35.2, —35.2, —34.5, and —28.6
kcal/mol, respectively. Note that we also considered bis-
(oxygen)-bridged Pd—Cu complexes, but they are significantly
less stable than 1—4 (Scheme S7 in Supporting Information).
Meanwhile, S, 6, and 7 are the most stable bimetallic Pd—Ag,
monomeric Pd, and bimetallic Pd—Pd complexes, respectively.

The free energies of §, 6, and 7 are —19.3, —6.7, and —1.8 kcal/
mol, respectively. In the next section, oxymetalation catalyzed
by the different types of complexes was investigated.

3.3. Mechanism Study on Oxymetalation. Oxymetala-
tion could proceed via either syn addition mechanism or anti
addition mechanism as we mentioned in the Introduction.
Herein, we investigated the possibility of syn addition
mechanism first.

3.3.1. Oxymetalation through syn Addition Mechanism.
In the following, we first examined the syn addition mechanism
for the most stable catalysts 1 and 2. As shown in Scheme 6, syn

Scheme 6. Calculated Free Energies (Enthalpies in Square
Brackets) for Oxymetallation through syn Addition on
Heterobimetallic Cu—Pd Complexes 1 and 2
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addition might occur from 1 via transition states TSla and
TS1b. TS1a is a ketone-selective transition state in which NO,
attacks the substituted Csp* of the alkenes. TS1b is an
aldehyde-selective transition state in which NO, attacks the
nonsubstituted Csp” of the alkene. In TSla and TSI1b, the
alkene coordinates to Pd and the NO, coordinates to Cu. From
1 to TS1a/TS1b, a distortion occurs to break the chloride
bridging bond and make NO, close to the alkene. As shown in
Figure 1, the Pd—Cu distance decreases from 2.960 Ain1to
2473 A in TS1a or 2.502 A in TS1b. Similar to the syn addition
on 1, syn addition on 2 might also occur via two possible
transition states TS2a and TS2b. Because NO, and the alkene
both coordinate to Pd in TS2a and TS2b, they can approach
each other without causing a significant structural distortion. As
a result, TS2a and TS2b are almost planar (Figure 1). The free
energies of TSla, TS1b, TS2a, and TS2b are —8.5, —0.3,

Scheme 5. Relative Free Energies of Structurally Representative Precatalysts (Enthalpies in Square Brackets)
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Figure 1. Optimized structures of syn and anti oxymetalation transition states on the heterobimetallic Pd—Cu complex 1 and 2 (bond length in A).

The phenyl group of PhCN was not shown for clarity reasons.

Scheme 7. Calculated Free Energies (Enthalpies in Square Brackets) for Oxymetallation through syn Addition on

Heterobimetallic Pd—Cu Complexes 3 and 4
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“(a) Syn addition on heterobimetallic PdA—Cu complex 3; (b) syn addition on heterobimetallic PdA—Cu complex 4.

—13.2, and —6.6 kcal/mol, respectively. Thus, TS2a is the most

stable one among them.
The mono(chloride)-bridged complex 3 generates 8 first by
coordinating to the alkene, then oxymetalation occurs via the

1417

transition states TS3a and TS3b (Scheme 7a). TS3a is ketone
selective and TS3b is aldehyde selective. The free energies of
TS3a and TS3b are —12.1 and —12.8 kcal/mol respectively,
and they are very close to the free energy of TS2a (—13.2 kcal/

DOI: 10.1021/cs5018776
ACS Catal. 2015, 5, 1414-1423


http://dx.doi.org/10.1021/cs5018776

ACS Catalysis

Research Article

mol). This result indicates that TS3a and TS3b are competitive
with TS2a.

Similarly, syn addition could occur on complex 4 (Scheme
7b). In this context, transformation of 4 to nitrite complexes 9
and 10 proceeds first.*® Oxymetalation occurs from 9 via
nonplanar transition states TS4a and TS4b, and it occurs from
10 via planar transition states TSSa and TSSb. Similar to the
results in Scheme 6, TSSa is more stable than TS4a, TS4b, and
TSSb. However, TSSa is less stable than TS2a by 10.1 kcal/
mol, indicating that TS5a is less competitive.

The Pd—Ag complex 5 undergoes syn addition via TS6a and
TS6b (Scheme 8). TS6a is more stable than TS6b by 7.3 kcal/

Scheme 8. Calculated Free Energies (Enthalpies in Square
Brackets) for Oxymetallation through syn Addition on the
Heterobimetallic Pd—Ag Complex 5

/Ag\ Ag. . F Ag.~1F

o cl o cl B of cl
[-Pda-L —— [Nd—L or Ed—L
B NO, BN oMo
5 TS6a TS6b
-19.3 +0.4 +7.7
[-32.0] [13.7] [-6.6]

mol, indicating that ketone selectivity is dominant for the syn
addition on S. Finally, syn addition from monomeric Pd
complex 6 and bimetallic Pd—Pd complex 7 was also
considered. Ketone-selective oxymetalation was found to be
favored but the free energy barriers were over 4S5 kcal/mol
(refer to 1 or 2), thus we excluded these two pathways
(Scheme S8 in Supporting Information). According to the
above results, TS2a is the most feasible syn addition transition
state.

3.3.2. Oxymetalation through Anti Addition Mechanism.
Similar to the discussions of the syn addition mechanism, the
anti addition mechanism was also examined for complexes 1-7.
Among the investigated anti-addition transition states on
different possible catalysts, TS7a, TS7b, TS8a, TS8b, TS9a,
and TS9b were found to be relatively feasible (Scheme 9).

Scheme 9. Calculated Free Energies (Enthalpies in Square
Brackets) for Oxymetallation through anti Addition from
Heterobimetallic Pd—Cu Complexes 1—3
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TS7a and TS7b are derived from the bimetallic Pd—Cu
complex 1, and their free energies are —4.3 and —5.3 kcal/mol,
respectively. TS8a and TS8b are derived from 2 with free
energies of —7.3 and —7.4 kcal/mol, respectively. The four
transition states are all bis(chloride)-bridged. TS9a and TS9b
are derived from 3, and there is only one chloride bridging
bond. The free energies of TS9a and TS9b are —7.3 and —8.1
kcal/mol. By contrast, the anti addition on all other species in
Scheme 4, including the (chloride)(oxygen)-bridged complex
4, Pd—Ag complex 5, monomeric Pd complex 6, and bimetallic
Pd—Pd complex 7, give remarkably higher free energy barrier
(over 35 kcal/mol). For clarity reasons, the related results were
put into the Supporting Information (Scheme S$9). Taking
these results into account, TS9b is the most feasible anti
addition transition state. Nonetheless, TS9b is less stable than
the most feasible syn addition transition state TS2a by 5.1 kcal/
mol. Therefore, syn addition is kinetically more favorable than
anti addition.

3.3.3. Regioselectivity of Oxymetalation. After investigating
the oxymetalation transition states, we classified them into two
groups, ie., aldehyde-selective and ketone-selective, and
arranged them in order of increasing free energy (Scheme
10). TS3b is the most feasible aldehyde-selective oxymetalation

Scheme 10. Calculated Free Energies (Enthalpies in Square
Brackets) of Oxymetallation Transition States with Different
Regioselectivity
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transition state with a free energy of —12.8 kcal/mol. TS2a is
the most feasible ketone-selective oxymetalation transition state
with a free energy of —13.2 kcal/mol. TS2a is more stable than
TS3b by 0.4 kcal/mol, meaning that ketone selectivity is
slightly dominant in the oxymetalation step. Therefore, the
regioselectivity of oxymetalation could not explain the observed
aldehyde selectivity in Grubbs experiments. Considering that
the energy demands of several different oxymetalation steps are
quite close and the regioselectivity is possibly determined by
the subsequent steps, we performed calculations on the steps
after oxymetalation. The products of several plausible oxy-
metalation processes (involving the aldehyde-selective tran-
sition states TS3b, TS9b, and TS8b and ketone-selective
transition states TS2a, TS3a, and TSla) were chosen for
further investigations.>”

3.4. Mechanistic Study on Steps Following Oxy-
metalation. We started from the product of the most feasible
aldehyde-selective oxymetalation transition state TS3b to
investigate the following steps. As shown in Figure 2, TS3b
derives from 3 by generating the active complex 8 first and
affords the cyclopalladium complex 11, causing an energy
increase of 7.7 kcal/mol. From 11, 1,2-H shift could occur via
the transition state TS10 with a free energy barrier of 14.7 kcal/
mol. In TS10, the hydrogen atom on the terminal Csp® of the
alkene transfers to the internal Csp® with a simultaneous N—O
bond cleavage. The cracked N—O bond stretches from 1.394 A
in 11 to 1.925 A in TS10 (Figure 3). There is a chloride
bridging bond in TS10, and the tBuOH on Cu also forms a

DOI: 10.1021/cs5018776
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Figure 2. Calculated free energies (enthalpies in square brackets) for
1,2-H shift mechanism and betaH-elimination mechanism after
oxymetalation on heterobimetallic Pd—Cu complexes.
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Figure 3. Optimized structures of 1,2-H shift transition state TS10 and
TS12 (bond lengths in A).

hydrogen bond with the chloride ligand on Pd (Figure S1 in
Supporting Information). This process is akin to the proposed
1,2-hydride shift mechanism by Mimoun et al. in the Wacker
oxidations with tert-butylhydroperoxide.*® After TS10, the NO-
coordinated complex 12 and the final product aldehyde are
formed with a significant energy decrease of 53.3 kcal/mol,
making the 1,2-H shift step irreversible. Finally, the aerobically
oxidation of NO to NO, and the coordination of another
alkene regenerate the active catalyst 8 with an energy decrease
of 152 kcal/mol. According to Figure 2, TS10 is the
energetically highest point in this pathway.

We also considered the possibility of betaH-elimination for
the product formation.** This pathway was initiated by the
isomerization of 11 to 13. Then betaH-elimination occurred via
transition state TS-betaH. However, TS-betaH is less stable
than TS10 by 4.7 kcal/mol, indicating that betaH-elimination is
less competitive than 1,2-H shift, thus we excluded this
pathway.
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In addition to TS3b, TS9b could also occur from 8 by
generating the intermediate 14 first (Figure 2). The trans-
formation from 8 to 14 caused a slight energy increase of 0.7
kcal/mol. From 14, TS9b affords the complex 13 and then
isomerizes to 11 to undergo 1,2-H shift via TS10. Note that the
relative free energy of TS8b and the other aldehyde-selective
oxymetalation transition states (TS2b, TS1b...) is even higher
than that of TS10, and therefore the pathways involving them
are less competitive and we did not investigate their following
processes. According to the above results, 8 — TS3b — 11 —
TS10 — 12 — 8 presents the most feasible catalytic cycle for
aldehyde formation.

Next, we considered the following steps for the ketone-
selective oxymetalation steps (Scheme 11). The most feasible

Scheme 11. Calculated Free Energies (Enthalpies in Square
Brackets) for 1,2-H Shift Mechanism after the Feasible
Ketone-Selective Oxymetallation Steps
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ketone-selective oxymetalation transition state TS2a generates
the intermediate 15 with an energy decrease of 15.2 kcal/mol.
Then 1,2-H shift occurs via bis(chloride)-bridged transition
state TS11. Similarly, TS3a generates the intermediate 16 and
affords the ketone product via 1,2-H shift transition state TS12.
TSla affords the ketone product through 17 and TS12
successively. The free energies of TS11, TS12, and TS13 are
—2.2, =3.9, and +12.4 kcal/mol respectively, thus TS12 is the
most feasible one among them.

In TS12, there is a chloride bridging bond and a longer
tBuOH-Cl bridging bond (Figure 3). TS12 is structurally akin
to TS10 but less stable than TS10 by 3.9 kcal/mol. Besides, the
other ketone-selective oxymetalation transition states are also
less stable than TS10, thus aldehyde-selective pathways are
more feasible and this is consistent with the experimental
observations.

It should be pointed that we also examined the possibilities
of high-spin states (triplet and quartet) of heterobimetallic Pd—
Cu complexes, monomeric Pd complexes, bimetallic Pd—Pd
complexes, and heterobimetallic Pd—Ag complexes. However,
the free energies of all the high spin states are higher than the
related low-spin one by at least 10 kcal/mol (Table S2 in
Supporting Information). For example, the free energies of the
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related quartet states of TS10, 11, and 8 are +16.9, +6.8, and
—16.3 kcal/mol respectively, much higher than those of the
doublet states (—7.8, —22.5, and —30.2 kcal/mol, respectively).
According to these results, the concerned reaction tends to
proceed on low-spin heterobimetallic Pd—Cu complexes.

3.5. Overall Mechanism. Taking all the results above into
account, we could get the overall mechanism of the nitrite-
modified Wacker-type oxidation of unbiased alkenes. As shown
in Figure 4, the catalytic cycle starts with forming the active

AGgq)
[AHsoI] /L /L
L = PhCN, ROH = tBuOH cu cu +
N RO RO
- ¥ I Cl_ .cl Il Cl__ _cCl
s H~CI,PId\ K H o PP
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Figure 4. Calculated energy profile of the nitrite-modified Wacker-
type oxidation of unbiased alkenes.

heterobimetallic nitrite Pd—Cu complex 8 from the precursors.
The rapid oxymetalation of alkene on 8 then occurred via syn
addition transition state TS3b and generated the transient
cyclometal complex 11. Note that anti addition mechanism (8
— 14 > TS9b — 13 — 11) could also generate 11 but is
kinetically less favorable than syn addition mechanism (via
TS3b). From intermediate 11, 1,2-H shift occurs via TS10,
affording the aldehyde product and the NO-coordinated
complex 12. This process (8 — TS3b — 11 — TS10) is
relatively more favorable than the ketone-selective 1,2-H shift
step (via TS12). The formation of the aldehyde product is
highly exergonic and irreversible. Finally, the oxidation of NO
into NO, and the coordination of another alkene regenerate 8
to finish the whole catalytic cycle.

According to the energetic span model developed by Kozuch
and Shaik,® the energy barrier of a catalytic cycle is related to
the energy span between the turnover-determining intermedi-
ate (TDI) and turnover-determining transition state (TDTS). 1
and 2 are the most stable forms of catalysts, and TS10 is the
highest energetic point in the energy profile. In the concept of
energetic span model, 1 (or 2) is the TDI and TS10 is the
TDTS. The overall energy barrier of the catalytic cycle should
be the energy difference between TS10 and 1 (or 2), ie., +27.4
kcal/mol. This result seems to be high for the Grubbs’ reactions
occurring in room temperature. Analyzing the reason for such
observation, we suggest that the overestimated free energy
barrier originated from the overestimated entropy effect. The
entropy effect I ignorable when the numbers of reactants and
products are equal, whereas it become significant when the
numbers are not equal.***' To settle this problem, we
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corrected the entropy effect with Sakaki’s method, which
omits the entropy contributions of translation and rotation
movements*' and found that 8 is more stable than 1 and 2 by
3.3 and 4.7 keal/mol, respectively.*” In this situation, 8 is the
TDI and the overall energy barrier is the energy span of 8 and
TS10, ie, +22.4 kcal/mol, consistent with the Grubbs’
experimental conditions. Note that Sakaki’s strategy does not
affect our main conclusion that syn addition on tBuOH-ligated
heterobimetallic Pd—Cu complexes with subsequent 1,2-H shift
is the most feasible mechanism for the concerned reaction.
Therefore, Gibbs free energy is used for discussions in sections
3.2, 3.3, and 3.4 for the sake of convenience.

3.6. Origin of Aldehyde Selectivity. The above
calculation results show that 1,2-H shift is the regioselectivity-
determining step. Among the investigated 1,2-H shift transition
state, TS10 is the most feasible aldehyde-selective one and
TS12 is the most feasible ketone-selective one. Both TS10 and
TS12 are heterobimetallic Pd—Cu species with similar
structures. The most remarkable structural difference between
TS10 and TS12 lies in the Pd—C2 bond lengths (Figure 3).
The Pd—C2 distance is 2.586 A in TS10 and 2.362 A in TS12
with a difference of 0.224 A. The larger Pd—C2 distance in
TS10 might result in the lower repulsion between the organic
moiety and the metal catalyst. Accordingly, we propose that the
structures of heterobimetallic Pd—Cu complexes play an
important role.

To verify the above proposal, we divided TS10/TS12 into
two parts, i.e, the organic moiety constituting products TSX-
org and the rest TSX-metal (X = 10 or 12), and calculated the
electronic energies of the two parts (Scheme 12).** TS10-org
and TS10-metal are more stable than TS12-org and TS12-
metal by 0.8 and 1.1 kcal/mol, respectively, supporting that the
structural distortions are smaller in TS10.

Scheme 12. Calculated Electronic Energies of the Fragments
of Key 1,2-H Shift Transition States (kcal/mol)

TS10-metal TS12-metal
L L
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We finally made efforts in analyzing the origin of the
relatively longer catalyst—substrate distance in TS10. From the
spin density plot in Figure 5, it can be seen that the spin density
of the radical mainly spreads around the Pd, NO,, and alkene in
TS10 and TS12, implying that spin transfers from the radical
organic species (EtCHCH,O in TS10 and EtCH(O)CH, in
TS12) to the NO-coordinated metal species. Because the
primary carbon radical is less stable than secondary carbon
radical, a shorter Pd—C2 distance is needed in TS12 to stabilize
the primary carbon radical (EtCH(O)CH,) with the
interaction with the metal center. By contrast, a weaker Pd—
C2 interaction is adequate to stabilize the secondary carbon
radical (EtCHCH,0)), thus a longer Pd—C2 distance is allowed
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TS10

TS12

Figure S. Spin density population of key 1,2-H shift transition states
(isovalue = 0.0004).

in TS10. This result induces a smaller distortion energy in
TS10 and contributes to the observed aldehyde-selectivity.

4. CONCLUSIONS

Nitrite-modified Wacker-type oxidation of unbiased alkenes
represents a novel strategy for the synthesis of aldehydes and
expands the utilities of Wacker oxidations. To explore the
origin of the aldehyde selectivity, a mechanistic study was
conducted with the aid of density functional theory methods.
The following conclusions have been gained:

1. The most feasible mechanism involves the in situ
generation of tBuOH-ligated heterobimetallic nitrite Pd—Cu
complexes. The subsequent oxymetalation occurs via syn
addition mechanism to afford a cyclometal intermediate.
Then 1,2-H shift from the cyclometallic intermediate directly
affords the aldehyde product and a NO-coordinated Pd—Cu
complex. Aerobically oxidation of NO to NO, finally
regenerates the active Pd—Cu species to finish the catalytic
cycle. 1,2-H shift is the rate- and regioselectivity-determining
step of the whole catalytic cycle.

2. syn addition is kinetically more favorable than anti addition
in the oxymetalation step, and both of them are reversible in
the whole catalytic cycle.

3. Both palladium and copper catalysts participate in the
favorable mechanism by forming the heterobimetallic Pd—Cu
complexes. The solvent tBuOH also contributes to the
stabilities of the Pd—Cu complexes by forming a hydrogen
bond with the chloride ligand.

4. The origin of the aldehyde selectivity lies in that the
tBuOH-ligated nitrite Pd—Cu complex promotes a radical 1,2-
H shift on the oxygenated alkene. A longer distance between
the metal catalyst and the alkene is allowed in the aldehyde-
selective case due to the stronger stability of secondary carbon
radical therein. This phenomenon lowers the steric hindrance,
leads to smaller distortion energies, and contributes to the
aldehyde selectivity finally.

As the first theoretical study on the mechanism of aldehyde-
selective Wacker-type oxidation of unbiased alkenes, the
present study proposed a novel heterobimetallic Pd—Cu
complexes mediated radical pathway. This mechanism is
different from the polar pathways on monomeric Pd complexes
in traditional Wacker-type oxidations. Because of the complex-
ity of the concerned Wacker reaction system, more detailed
experimental and theoretical mechanistic studies are currently
underway to verify the proposed mechanism.
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