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A Computational Overview of a Pd-Catalyzed Olefin bis-Alkoxycarbonylation Process
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ABSTRACT: A comprehensive DFT analysis is reported for the one pot bis-
alkoxycarbonylation reaction of olefins, which affords succinic acid esters by action of the
catalyst (N-N)Pd(TFA), (N-N = bis-(2,6-dimethylphenyl)-2,3-dimethyl-1,4-diazabutadiene,
TFA- = CF;COy). The selective and efficient process involves alkene (H,C=CHR), CO,
methanol and p-benzoquinone (BQ) molecules as reactants. The catalytic mechanism, previously
proposed on the basis of available experimental and literature data, is here critically revised by
the in silico analysis. A plethora of optimized intermediates and transition states and their
correlating energy profiles allows a step by step reconstruction of the entire cycle, shading light
on key mechanistic aspects, such as for instance the role of the R substituent in the olefin. One
of its effects is determined by the presence of a 2e- donor group, which, depending on its power,
may affect the catalysis up to its total inhibition. As another aspect, the key diester product forms
through a reductive elimination step (Pd(I1)=>Pd(0) transformation), that excludes the previously
proposed attainment of a Pd(II)-hydride complex. Finally, the paper illustrates the action of the
sacrificial BQ oxidant in the restoration of the original Pd(II) catalyst, as found for other strictly
related cases. The energy profile indicates that the rate determining step occurs in the initial part
of the reaction, given a +29.7 kcal mol-! energy barrier, associated with a methoxo migration into
an adjacent CO ligand. The result foreshadows a rather slow activation of the catalyst and a long

duration of the cycle.
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Introduction

Carbonylations are among the most important reactions in organometallic and organic chemistry
for converting inexpensive feedstock such as alkenes or alkynes and CO into highly valuable
carbonylated compounds.! In particular, in the bis-alkoxycarbonylation of olefins a double
addition of an alkoxycarbonyl group occurs with the formation of succinic acid ester derivatives
(Scheme 1). These are important building blocks in both organic and medicinal chemistry,” to be

used in many industrial fields.?

OH
R

o) ' o
[Pd] H.cO
RU4 2o +2 CO + 2 CHZOH + — 5 OCH, +
R2
o) P

o
OH
Scheme 1. Pd-catalyzed bis-alkoxycarbonylation reaction of alkenes involving carbon

monoxide, methanol and p-benzoquinone.

Some of us (C.C. et al.) have reported a selective and efficient oxidative* Pd-catalyzed bis-
alkoxycarbonylation processes for both terminal>® and 1,2-disubstituted alkenes.> The catalyst
was formed in situ by mixing Pd(TFA), and an appropriate aryl o-diimine molecule.® The
reaction proceeds under 4 bar pressure of CO at 20°C in the MeOH/THF 7:1 reaction medium,
employing p-benzoquinone (BQ) as a sacrificial oxidant, which transforms into 1,4-
hydroquinone (H,BQ). Additionally, the process is favoured in an acidic environment by adding
for instance the p-toluenesulfonic acid (p-TSA). More recently, we also reported the first example
of bis-alkoxycarbonylation reaction of electron-deficient olefins,> employing an analogous
catalytic system. High yields and complete selectivities were obtained starting from differently

substituted acrylic esters and amides.
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For all the studied cases, a similar catalytic cycle, such as that in Scheme 2, was proposed.” The
pre-catalyst is the Pd(II) square planar complex (N-N)Pd(TFA), A, that features the bis-nitrogen
ligand 1a, namely bis-(2,6-dimethylphenyl)-2,3-dimethyl-1,4-diazabutadiene, plus two
trifluoroacetate anions (TFA").5 The Pd complex reacts with the alcohol allowing the formation
of the active species B.® The successive insertion of CO leads to the alkoxycarbonyl-palladium
complex C,” where the subsequent alkene’s coordination and insertion afford the 5-membered
palladacycle D.!%!! From the latter, the complex E is obtained via another CO insertion passing

through a 6-membered palladacycle with the esteric carbonyl coordinated to the Pd center.>¢

1a A (in situ)
R°0OH
H*, TFA ;1
3
H,BQ (N-N)Pd OR
TFA co
B
BQ, R%0H
0
H PN
(N-N)Pd (N-N)Pd, "OR®
g TFA TFA
COOR® c
)\rRZ
2
R P XoR
p COOR® R
Re0OH .
R TFA
0o R R?
OR? (N-N)Pd
(N-N)Pd)j\H\l( o™ or?
| R'" O D

TFA g
1o co
R' =H, alkyl

R2 = EWG, aryl, alkyl
R® = Me, i-Pr, Bn

Scheme 2. Proposed catalytic mechanism for the bis-alkoxycarbonylation of olefins catalysed by
aryl a-diimine/Pd(IT) complexes. EWG = Electron-Withdrawing Group.

Hence, the nucleophilic attack of another methanol molecule to the coordinated acyl group in E
would afford the final product P together with the palladium hydride complex F.’ Eventually,
the p-benzoquinone molecule, that enters the scene only after the departure of P, regenerates the

active species.'>!3 The possible BQ role was already established by one of us (C.M.) for a
3
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similarly behaving system,'* which involves the reductive elimination of an allylic amine. The
latter mechanism can be at work also in the release of the present P product, implying, also in
this case, the formation of a Pd(0) intermediate, alternative to F. At this point, BQ may exploit
its oxidative power to restore a Pd(II) complex, an aspect, which has not been taken into account
in the previous reports of this chemistry.>

In this paper, we present an in silico investigation to highlight some still unclear aspects of the
catalytic cycle of Scheme 2, which was constructed on the basis of the available experimental
data. In particular, the approach helps shading some light on problematic features such as the
role of the olefin R substituent (step C>D), the nature of the Pd species accompanying the

release of the diester P and the function of the BQ oxidant in the process.

Results

As in previous studies of comprehensive catalytic cycles performed by us,'® the DFT method was
employed with the adoption of the B3LYP functional in this case.!¢ The reliability of the various
steps in Scheme 2 was questioned by series of full optimizations of minima and transition states.
The results allowed the development of meaningful stereochemical and energetic arguments
derived from the application to the frontier MOs of the qualitative perturbation theory.!” The well
experimentally characterized species were considered as the milestones of the overall catalytic
pathway from which new indications were derived for the reconstruction of the entire process.
Some modelling simplification helped to reduce the computational burden without introducing
any major chemical bias. Thus, for the a-diimine N-N ligand 1a (top of Scheme 2) methyl groups
were used in place of the bulky dimethyl-phenyl ones and also the methyl substituent at the C
atoms of the N=C-C=N skeleton were replaced by H atoms.!® As another point, the bulk solvent
(i.e., a 7:1 mixture of methanol/THF in the experiments) was mimicked in the calculations as

pure methanol within the approximation of the Conductor-like Polarized Continuum Model

4

ACS Paragon Plus Environment



Page 5 of 52

oONOTUT A~ WN =

O

Submitted to Organometallics

(CPCM)."? Otherwise, some actual CH3;OH molecule was explicitly introduced, when it is
directly involved in the reactivity either as an intact or deprotonated ligand (e.g., the

transformation of Pd-O(H)CHj; into Pd-OCHj3).

Formation of the Pd-alkoxycarbonyl intermediate (N-N)Pd(TFA)(C(O)OCH;). The
complex (N-N)Pd(TFA),, A in Scheme 2, was optimized as the simplified Am model at the left
side of Figure 1. The geometry is substantially consistent with some known X-ray structure of
this type?® including that of the actual complex A.3® The potential steric effects in the latter should
cause longer Pd-O distances with respect to Am, whereas in actuality the corresponding values
are about 0.03 A larger. Such an overestimation, also extended to the Pd-N coordination bonds,
is therefore attributable to pseudo-potential adopted for the Pd atom in the DFT calculations.?!

The complex Am may evolve through the stepwise substitution of its TFA- ligands with other
donors in solution such as for instance carbon monoxide, alkene (in the di-hapto bonding mode)
or a methanol solvent molecule. As suggested in the literature,’” methanol likely precedes the
CO coordination to give the adduct [(N-N)Pd(TFA)(CH;O0H)]*[TFA], 2m, in Figure 1, where
the two counterions are held together by a H-bonding interaction with O;-H and H---O, distances

of 1.04 and 1.48 A, respectively.

Figure 1. Optimized structures of the starting complex Am and the ion pair 2m,

The formation of the adduct 2m, is endergonic by +5.1 kcal mol!, since the entropy term
overcomes the -5.6 kcal mol-! favourable enthalpy one. The energy cost doubles for the formation

of the adduct [(N-N)Pd(CH3O0H),]*>2[TFA]", 2m,’ in Figure S1. However, the continuation of

5
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the catalytic reactivity requires that the second TFA- ligand in Am is substituted by a CO
molecule to form the 3m™ cation (left side of Figure 2) with an energy cost of +9.5 kcal mol!. It
has been previously suggested,?? that the order of the two TFA- substitutions with methanol and
CO could be reverse. In any case, the estimated +14.6 kcal mol-! overall cost is independent from
the order of access of the two ligands. Most likely the CH;0H coordination occurs first in view

of the minor energy to be initially spent.

Figure 2. Cation 3m* characterized by the CH;OH ligand H-bonded to TFA"; the transition state
3-4mygs* for the methoxo/CO coupling, which, thanks to the H transfer, implies a momentarily
formed HTFA unit; intermediate 4m with methoxycarbonyl and a TFA- ligands.

Next, the cis coordinated CO and CH3OH molecules potentially couple together, provided a
proton transfer from the methanol O-H group to the carboxylate one of the adjacent TFA- anion.
The given H-bond persists only initially, but the H transfer has already occurred at the transition
state 3-4mps* (in the centre of Figure 2), implying the inversion of the H-donor/acceptor
characters of methanol and TFA-, respectively. The HTFA unit remains temporarily unsplit in
the polar methanol solvent, in spite of its strong acidic character. Incidentally, the latter and other
similar in situ formed units will play a basic role in the final part of the catalytic cycle. In turn,
the electron rich methoxo group has already started its transfer into carbon monoxide. In fact, the
C,-Os distance is as short as 1.73 A, while the Pd-Oj; linkage is weakened (2.19 A). The process
is completed at the subsequent minimum 4m (right side of Figure 3), where the C;-O3 bond is as

short as 1.36 A. Such a product, described as the Pd-alkoxycarbonyl complex (N-
6
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N)PA(TFA)(C(O)OCH3;), has an in situ formed methoxycarbonyl ligand and a newly entered

trifluoroacetate molecule.

As shown by the energy profile in Figure 3, the overall energy barrier at 3-4ms" is as high as
+29.6 kcal mol!, because, relatively to Am, it includes the formation energies of both 2m, and

3m" plus the +15.0 kcal mol-! necessary for the migration of the methoxo group to the CO ligand.

Me
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Figure 3. Free energy profile for the computed first part of the catalytic cycle corresponding to
that in Scheme 2 (A>C or Am - 4m).

The height of overall barrier appears consistent with the observed slowness of the entire reaction
(67 h), thus implying a rather long activation time of the catalyst. In the step from 3-4mys*, to
4m, the system approximately recovers only two thirds of the initially spent energy (i.e., -19.1
kcal mol-!), implying that the efficiency of the process must be ensured by subsequent exergonic

steps.

Activation and role of the mono-substituted olefins in the catalytic cycle. As already
hypothesized for the step C>D in Scheme 2, the TFA- ligand in 4m can be potentially replaced

by an olefin molecule of the type R'-CH=CH-R? with R! = H or alkyl, R? = aryl, alkyl or EWG.

In particular, in this paper we have focalized our attention on the bis-alkoxycarbonylation
7
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reaction of mono-substituted olefins (R!' = H). In an attempt of justifying the experimental
productivity observed for different olefins (see Table 2 of reference Sc and Table 2 of reference
5b), six Pd(II) complexes of general formula (N-N)Pd(CO,CH;)(n?>-H,C=CHR) were compared.
In the optimized models Sm1*-5m6™, the R substituent is H (ethylene 1), CH; (propene 2), Ph
(styrene 3), CONH, (acrylamide 4), COOCHj; (methyl acrylate 5) and CN (acrylonitrile 6),
respectively. The formation of the species Sm1*-5m6* from 4m is invariably endergonic with
the corresponding energy cost of +4.1, +5.0, +8.0, +8.3, +11.3 and +14.5 kcal mol-!, respectively.
These results suggest that in the series Sm3*-5Sm6* the corresponding EWG substituents
progressively disfavour the dihapto coordination of the olefin at variance with Sm1* and Sm2*,
in which the R=H or CHj substituents determine a somewhat larger C=C donor power.?* In fact,

an increasing delocalization of the C=C &t bonding electrons toward the EWG substituent implies
a reduced ¢ donor power of the olefin toward the metal. In addition, the metal © back-donation
from a T-shaped fragment of the d8-L;Pd(IT) type, such as [(N-N)Pd(COOCH;)]", is predictably
scarce due to the small p,-d, orbital hybridization. This point is also corroborated by the almost
null pinning back of the olefin terminal groupings at variance with the analogous complexes
supported by a V-shaped d'°-L,Pd(0) fragment.?* As a matter of fact, not only the formation of
all the species Sm1™-5Sm6™ result to be endergonic, but also the actually characterized
L;Pd(IT)(n?-olefin) structures are rare. For instance, the CCDC database®® contains only one
peculiar compound of this type, which may add the Pd(II) analogue of the Zeise’s salt anion

[Cl,Pd(n2-H,C=CH,)]-.26

Although we try to compare up to six different olefins, experimental data are not available for
ethylene and propene due to some technical reasons, which prevented their practical usage.
Regarding the series Sm3*-5m6™, the observed productivity increases in the order: acrylonitrile
< methyl acrylate < acrylamide < styrene. In particular, styrene affords the highest yield
associated to the lowest catalytic load. Indeed, with 0.5 mol% of catalyst loading, a complete

8
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conversion of the styrene was achieved®® while acrylamide or methyl acrylate afforded a
complete conversion of the olefin only for a catalyst load of 2 mol% and 3 mol%, respectively.®
It is worth underlining at this point that acrylonitrile is not only the least reactive olefin but it is

essentially inactive,* due to a poisoning effect (vide infra).

The structures of all the optimized models Sm1*-5mé* are geometrically rather similar, as shown

in Figure 4 by the 3D drawings of Sm3*, Sm4* and Sm6" and all the others in Figure S2.

5m3* 5m4+ 5mé6*

Figure 4. Optimized structures of the three comparative n2-alkene complexes Sm3™* (styrene),
Sm4* (acryl amide) and Smé* (acrylonitrile).

The complexes Sm3* and Sm6™ display the highest difference in formation energy (+6.5 kcal
mol!) consistently with their observed catalytic efficiency. Such a feature is not attributable to
any evident structural divergence since the optimized Pd-C, and Pd-C; distances are inversely
asymmetric by only 0.01-0.02 A. To clarify the general evolution of the system, we monitored
via scan techniques the progressive coupling of methoxycarbonyl C; atom and the C, one of the
CH, grouping. In this manner, we individuated the possible transition state starting from the
corresponding Smn* complexes with the only exclusion of Sm2*. Figure 5 shows the 5-6m4g*
transition state together with the subsequent minimum 6m4*, which features the in situ formed
5-membered palladacycle The other four pairs of analogues, which are presented in Figure S3,
are geometrically quite comparable, since at the TS points the C;-C, distance is in the range

1.84-1.87 A, while both the Pd-C; and Pd-C, bonds are weakened, being in the ranges 2.20-2.22
9
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and 2.34-2.38 A, respectively. At the same time, the O4 atom of the carboxo group progressively
becomes as the new donor to the metal given that the Pd--O, distance shortens from 2.86 A in 5-

6mdys to 2.09 A in 6m4+.

6m4*

Figure S. Optimized structures of the transition state 5-6m4g* and the subsequent minimum
6m4-.

Five-membered palladacycles complexes similar to the determined 6mn* ones have been widely
described in the literature!®!1¢-d27 ag key intermediates of the CO/alkene copolymerization
reactions.?® On the other hand, our study shows that no major electronic effect is attributable to
the R substituent of the olefin. In fact, all of the five computed energy profiles feature a rather
similar TS barrier, which combines the formation energy of the olefin complex Smn* and that of
the subsequent C-C coupling. In any case, the total energy barrier is in the relatively small range
+27.9/29.4 kcal mol”!, the lowest value being common to both the acrylamide (5m4*) and the
methyl acrylate (Sm5*) complexes. In view of the strict similarities, the energy profile in Figure
6 refers exclusively to the formation of the palladacycle 6m4* upon the reaction between the

complex 4m and acrylamide.

10

ACS Paragon Plus Environment



Page 11 of 52

oONOTUT A~ WN =

O

Submitted to Organometallics

H;NOC

CONH,

XN 19.6
N\,

'CO,Me
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Figure 6. Estimated free energy profile for the reaction of 4m* with acrylamide to give the
palladacycle 6m4*.

The energy gains at the 6m1*and 6m3*-6m6* minima are instead more spread than those at the
preceding TS points (namely, -28.9/-36.7 kcal mol') with the largest value referring to the
acrylonitrile derivative. However, the formation of the latter is excluded from the experimentally
proven poisoning of the reactivity, as indicated in the literature.5¢2%22° Such a result is also
confirmed by the optimized coordination isomer Smé6;* of Figure 7, which by using the CN

substituent forms a Pd-N o linkage alternative to the C=C 7 one.

5m6,*

Figure 7. Optimized coordination isomer Sm6;* with the acrylonitrile ligand bound via the
terminal N atom.

The isomer in question is more stable than 5m6* by -14.7 kcal mol-!, thus greatly reducing the
reformation of the n?-olefin complex, which could in principle occur via a shift of the equilibrium
in solution. The latter argument receives some support from the acrylamide complex Sm4*, given
that its alternative isomer (Sm4;* in Figure S4) with a Pd-O o linkage formed by the CO group
of the R substituent, is also more stable. In this case, the energy difference of only -2.3 kcal mol!

11
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increases the possibility of an easier shift of the equilibrium in solution allowing a partial lifetime
of the C=C dihapto coordination sufficient for the continuation of the catalysis. Also, the methyl
acrylate derivative SmS5* may have a similar behaviour, but the point was no further explored.
On the other hand, since the best performing styrene derivative Sm3* has no implicit problem of
isomerization, it may be concluded that the R substituent of the olefin has no major electronic

role in the catalysis. In conclusion, the reactivity is reduced depending on the ¢ bonding

capability of R substituent, which may hinder the C=C & coordination at a different degree.

In closing this section, we briefly mention of having examined whether the bis-
alkoxycarbonylation reactivity from a Smn* species involves either the CHR or CH, side of the
olefin. In the former case, a 180° rotation of the dihapto bonded olefin is necessary. The structural
rearrangement should be electronically feasible in view of the T-shaped nature of the underlying
metal fragment carrying a pair of equivalent and pure d, orthogonal orbitals. By referring to the
S5m4™ species, the Sm4’* conformer in question (shown in Figure S5) is destabilized by only +2.5
kcal mol”!, due to the incipient steric contacts between the R group and the now closer
alkoxycarbonyl ligand. The energy destabilization increases with the forcing of the C;C;
coupling, as indicated by the corresponding barrier at 5-6m4ys’* (see Figure S6), which is about
30% higher than the one at 5-6mdyg* (+26.2 vs. +19.6 kcal mol!). The result allows concluding
that the olefin preferentially couples via its CH, grouping in agreement with some literature data,
which show a generally preferred 2,1-olefin insertion in Pd-COR complexes.!%27a Unfortunately,
such a conclusion cannot be experimentally corroborated by the present chemistry due to the

symmetric nature of the diester product P.

In summary, the variously substituted dihapto bonded olefins, which potentially lead to an
intermediate of type D in Scheme 2 (e.g., model 6m4*), feature substantially similar electronic
and energetic behaviours. Conversely, the present study has shown how the experimentally

observed difference in reactivity is due to the 2e- 6 donor capability in the R group. By affording

12
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a new coordination isomer either alternative or in equilibrium with the n2-olefin complex, the

catalytic cycle is either poisoned or inhibited.

Attainment of the immediate precursor of P. By momentarily disregarding the poisoning
effect, all the di-hapto bonded R substituted olefins have a rather similar electronic behaviour.
Accordingly, the acrylamide 6m4* (right side of Figure 5) was used as the D type model of choice
for the continuation of the catalytic cycle. In the latter, the previously formed in situ five-
membered metallacycle opens the Pd-O, linkage, thus allowing the coordination of a new CO
ligand as in the complex 7m4™* at the left side of Figure 8. Consequently, only the Pd-C; linkage
survives with the alkoxycarbonyl group dangling away from the metal. Such a step has the small

energy cost of only +2.1 kcal mol-!.

Figure 8. Optimized structures of 7m4*, the transition state for the alkyl-CO coupling
7-8m4 gt and the subsequent intermediate 8m4™.

Then, 7m4* undergoes a classical migration of the alkyl ligand to the adjacent CO one.*® Again,
a relaxed scan technique, based on the Cs--C,4 shortening, allowed both the identification and full
optimization of the transition state 7-8m4ys* plus that of the subsequent minimum 8m4* (see
Figure 8). In the latter structure, the Pd-O, linkage, already present in 6m4™, is restored with a
slight elongation (i.e., 2.11 vs. 2.09 A), while an almost standard C3-C, single bond of 1.56 A is
formed, after having been 1.90 A long at the TS 7-8mdqs*.The corresponding energy barrier is

+16.7 kcal mol-! with a subsequent recovery of -23.4 kcal mol-! at 8m4™*. The latter six-membered
13
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metallacycle is also an intermediate of Pd-catalyzed copolymerization processes involving CO
and alkenes.”® 27¢ Such a species differs from the intermediate E of Scheme 2, which features a
dangling acyl grouping and the fourth coordination site occupied by one TFA- anion.
Incidentally, the corresponding optimized model Em (see Figure S7) has a +7.7 kcal mol-! higher
free energy with respect to the ion pair 8m4*/TFA- anion, as implied by an entropic effect. Nor,
the TFA- coordination is essential for the continuation of the reactivity, since its prompt departure
is necessary for the engagement of a methanol molecule needed to form the bis-
alkoxycarbonylate product P, as described in the next section. Some computational work,
concerning the coordination of a second CO molecule and its engagement in the bis-

alkoxycarbonylation process, have been previously reported for the electron-deficient olefins.>

Palladium behaviour in the formation of the di-ester product P. Similarly to the intermediates
2m, or 3m" in Figures 1 and 2, the H-bonding with TFA- anion better supports the metal
coordination of a still intact CH;OH molecule, which initially acts as a H donor. The proton is
however transferred and forms a unit of the strong HTFA acid, thanks to a persisting H-bonding
interaction with inverted roles of the H donor/acceptor groupings. As a matter of fact, the
combined energy cost at 3-4mryg* is the highest for the whole cycle (see Figure 3), then HTFA
dissociates in the polar solution to form a methoxo ligand. A mechanism of the mentioned type
also applies to the formation of the methoxo complex 9m4 (Figure 9) from 8m4* with an

estimated energy cost of +12.5 kcal mol-'.

Figure 9. Optimized structure of 9m4 as the immediate precursor of the main product P.

14
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By still referring to Scheme 2, the computed catalytic cycle encounters a main divergence in the
formation of the diester P for excluding the simultaneously formation of the hydride complex
(N-N)PA(TFA)H, F. The latter species, also proposed by other authors’ to be an important
intermediate, has its own stability (see the optimized structure in Figure S8), but it is not
experimentally proved nor it justifies the formation of the covalent C;-Os linkage. In fact,
provided the persisting +2 metal oxidation state, the corresponding lone pairs donated in 9m4
promptly become repulsive to each other on cleaving the two coordination bonds. Hence, only if
one is captured by the metal (Pd(II)>Pd(0) reduction), the C4-Os linkage may form. As an
additional consideration, the hydride ligand in F would result from a formal methanol heterolysis
with the CH;0 residue, that should couple with the acyl-type ligand to give P. All of the attempts
of confirming the latter hypothesis via scan techniques failed due to the high risings in energy (>
40 kcal mol!). In contrast, the Pd(I[)>Pd(0) reduction, accompanied to the formation of P is
easily modelled as shown by Figure 10. Here, the progressive C,4-O5 coupling leads first to the
TS 9-10m4ys with the small energy barrier of +6.2 kcal mol-!, then the actual C4-Os binding
allows Pm to separate from the (N-N)Pd(0) complex, 10m. From the energy viewpoint, the
energy gain is small (-7.5 kcal mol!), because of the bent rather than linear geometry proper of
d'0-L,M species. In this case, great stabilization is reached upon the addition of another ligand to
10m with formation of a highly stabilized trigonal planar geometry, as further discussed below.
It is worth underlining that the succinic product is not the result of a generally accepted
alcoholysis of the palladium-acyl bond (complex E in Scheme 2), but that of a reductive

elimination involving the methoxide and the acyl ligands of the precursor 9m4 (see Figure 9).
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Figure 10. Optimized structures 9-10m4rs, 10m and Pm proper of the reductive elimination
process, which associates the formation of the succinate molecule with Pd(IT1)-=>Pd(0) reduction.

In closing this section, we present in Figure 11 the energy profile, whose features may be
considered general, although the presented transformation from 4m (Figure 2) to Pm and 10m is
estimated for acrylamide. Three progressively lower barriers are encountered, the highest one of
+27.9 kcal mol! corresponding to the +8.3 and +19.6 kcal mol-! sum. The values are relative to
the olefin coordination (Sm4*) followed by the coupling of the H,C moiety to the alkoxycarbonyl
ligand (6m4*), as shown in Figures 5 and 6. Then, a new CO coordination in 6m4* is smoother
(+2.1 kcal mol!"), while the subsequent alkyl migration into it encounters a +16.7 kcal mol'!
barrier at 7-8m4rs*. The system recovers -23.4 kcal mol! on forming the six membered
metallacycle at the minimum 8m4*, which seems suited for the activation and deprotonation of
another methanol molecule in 9m4. From the latter, the coupling between the methoxo and acyl
ligands fundamentally implies the important reductive elimination step. As mentioned, an energy
cost of only +6.2 kcal mol-! is needed to bypass the TS 9-10m4rs, although the subsequent energy
recovery for the simultaneous formation of Pm and 10m is as small as -7.5 kcal mol-l. At this
point, the overall system is still endergonic by +11.4 kcal mol!, suggesting that, for the feasibility
of'the whole cycle, the steps for the restoration of the Pd(II) catalyst Am must be overwhelmingly

exergonic. This is allowed by the efficiency of BQ as an oxidant.
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5-6md¢*

4m
+ olefin
(acrylamide)

8m4*
+TFA+CH;O0H

Figure 11. Summarized reaction profile for the portion of the cycle, which converts the

alkoxycarbonyl/TFA complex 4m into the (N-N)Pd(0) species 10m together with di-ester
product Pm.

Metal oxidation by the p-benzoquinone BQ to restore the catalyst (N-N)Pd(TFA),, Am.

A prompt stabilization of the (N-N)Pd(0) intermediate 10m is possible with the addition of a
third 2e- donor. For instance, CO forms the 16¢" trigonal planar complex (N-N)Pd(CO) (Figure
S9) with the large energy gain of -40.2 kcal mol-'. More important for the continuation of the
cycle is the di-hapto complex (N-N)Pd(n2-BQ) (11m at left side of Figure 12), which exploits
for bonding one C=C endocyclic linkage of BQ. In spite of the minor energy gain of -32.8 kcal
mol!, BQ exerts its oxidative power and restores the actual Pd(II) catalyst Am, taken as the pre-
catalyst of species B in Scheme 2.5 The mechanism of the BQ action was already illustrated by
one of us (C.M.) in a symbiotic experimental/theoretical investigation carried out with Giovanni
Poli and co-workers.'* In that case, the related catalyst (S-S)Pd(acetate), (S-S = disulfoxide
chelate PhS(=0)CH,CH,(O=)SPh)) was found to promote an intra-molecular C-N coupling,
which allowed the reductive elimination of a cyclic allylic amine in association with the
(S-S)PA(0) unit and the subsequent BQ derivative (S-S)Pd(n2-BQ). The latter species appear

strictly comparable with the present 10m and 11m intermediates. In particular, a chemical
17
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behaviour, analogous to that described by the computational analysis in reference 14, may be
expected. More recently, the suggested mechanism has been validated also for another strictly

related case.?!

J‘- -J

11m

Figure 12. Trigonal planar complex (N-N)Pd(n?-BQ), 11m; the vacant frontier antibonding MO
formed by one Pd-d, orbital (populated) and a delocalized BQ-p, combination.

Here, we report analogous DFT calculations to monitor the evolution of the Pd(0) complex 11m,
to check the presence of some peculiar specificity. In actuality, the catalyst regeneration is highly
comparable in the two cases without necessarily implying the identity of all the single steps. It
will emerge that some mechanistic specificity is introduced by the different strength (about 5
orders of magnitude) of the trifluoroacetic vs. the acetic acid used in the two cases.

Complex 11m, of which there are analogues in the literature,'3?? is characterized by the
conformation and electron richness of the Pd(0) metal. This ensures a significant d, back-
donation delocalized over the BQ molecule, as corroborated by the vacant r antibonding frontier
MO at the right side of Figure 12. The involvement of the BQ exocyclic oxygen atoms is
confirmed by their -0.15 more negative charge with respect to the free molecule. Accordingly,
bilateral H-linkages with HTFA units are possible, as shown by the schematized adduct
(N-N)Pd(BQ)2CF3COOH, 12m in Figure 13, which has gained -7.5 kcal mol! (its ball and stick

structure is presented in Figure S10).
18
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Figure 13. The Pd(0)->Pd(Il) oxidation path, which, by involving the sacrificial BQ molecule,
leads to the separated hydroquinone H,Q and the Am catalyst. All the schematized minima of
the lower part of the figure are reported as ball and stick models in Figures S10-S13.

While in both 11m and 12m the metal is undoubtedly Pd(0), the oxidation state seems already
changed at the TS 12-13ms. For instance, one HTFA proton, already transferred to a BQ oxygen
atom, affords the first O-H substituent at the C¢ ring (O-H = 1.02 A) with maintained H-bonding
interaction. In the latter, the H-donor/H-acceptor characters of the involved groupings have been
switched, certainly implying an already reduced phenoxo anion. Also, a similar but less
pronounced event is occurring at the other BQ oxygen atom, since the HTFA proton forms a
O-H-O grouping with the almost similar distances of 1.13 and 1.21 A, respectively. Therefore,
the TS 12-13myg, which is destabilized by +19.0 kcal mol!, appears as a milestone of the redox
process. The structure already features an advanced 1n>->n! conversion of the C=C binding mode
as well as metal coordination of one TFA- anion (Pd-O = 2.18 A). The indicated trends are
completed at the next minimum 13m (Figure S11), which features a doubly O-H substituted Cg
ring with the implicit aromaticity of the 1,4-hydroquinone (H,BQ). At this point, the metal
oxidation has definitely occurred, also because it is known that L;Pd(II) fragments may attain
approximate square planar geometry via the n'-coordination of an aryl ring.’? Such a type of
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bonding was computationally explored in a previous paper, which indicated how a fraction of
the six « electrons of an aromatic C¢ ring partially localizes at a single C atom to saturate the d®

atom.3%2

Provided that the metal oxidation has already occurred at 13m, the system should release the 1!
bound H,BQ molecule to be replaced by a second TFA- ligand as in the Am catalyst. The
calculations indicate that such a process is not so straightforward, due to a relatively stabilizing
n' coordination of H,BQ. In fact, +13.6 kcal mol-! must be spent to reach the TS 13-14mpyg, in
which the Cg ring is still somewhat bound to the metal. At this point, the metal is approximately
five-coordinated thanks to the two weak bonds, i.e., to the unique C atom of the ring (Pd-C =
2.42 A) and to the exocyclic OH group (Pd-O = 2.39 A). At the next minimum 14m, the aryl
ligand is no more C-coordinated having been replaced by one H,BQ phenolic moiety with a
stabilization energy of -23.2 kcal mol-!. Notice that the binding of the HOAr moiety in 14m
compares with the methanol one in 2m, or 3m* of Figures 1 and 2. Finally, the second TFA-
ligand directly coordinates the metal in 15m, where the restored Am catalyst is still H-bound to
H,BQ with an energy gain of -6.7 kcal mol!. The final separation of the latter components

determines an additional energy gain of -3.0 kcal mol!, as shown at the right side of Figure 13.

The overall energy balance for the portion of the cycle in Figure 13 is -19.1 kcal mol!, a value,
which compares with the -12.2 kcal mol! estimated for the evolution of the (S-S)Pd(n?-BQ)
analogue.'* In addition to the energy, some geometry difference is noticed for the intermediates
and TS of the two systems, which is likely due to the usage of the CH;COOH acid vs. the HTFA
one. In particular, the much weaker acetic acid has a more propensity to remain unsplit, thus
preferentially behaving as a H-donor rather than a H-acceptor in some H-bonding interactions,
For instance, the structures 13-14myg and 14m of Figure 13 with a metal bound OH substituent
differ from those observed in the presence of the acetic acid. The latter feature a direct bond

between the unprotonated phenoxo O atom and the metal center.'* Only the coordination of the
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second acetate ligand (as in the case of the analogue 15m in Figure 13) eventually favours the
actual H,BQ formation. Based on the previously illustrated arguments, it appears that the stronger

HTFA acid performs better than the acetic one in the critical restoration of the catalyst.3?

The electronic redistribution in the BQ metal re-oxidation has been already outlined,!* hence
only some additional consideration is presented here. The Pd(0)—>Pd(II) transformation seems to
occur at a very early stage, possibly even before the attainment of 12-13myg. At the latter, the
n?>n! rearrangement of the C=C endocyclic & linkage is already advanced, consistently with
the stability of known Pd(II) complexes featuring a n! coordinated aryl ring. Also, the exocyclic
O atoms have already acquired a phenoxo character, since one of them is already protonated and
the other one is also on this way. Scheme 3 illustrates the intended electron redistribution starting
from the Pd(0) complex L,Pd(n>-BQ), 11m , indicated as the model a.3* The latter picture
involves a significant metal d, back-donation, hence it is presumable that toward the C=C n!
coordination the filled metal orbital undergoes a d,=>oc re-hybridization with a continuing
electron flow into one vacant Cg level (b model in Scheme 3). Such a situation would comply
with the recently introduced concept of Inverted Ligand Field,*> which assigns a M-C bonding
electron pair to the metal rather than the ligand as a donor (c back-donation). In this specific
case, the inverted gap between the metal and ligand levels is quite transitory especially with
respect to the behaviour of coinage metal.’* 3¢ Consequently, a quick interchange of the donor
and acceptor levels determines a prompt assignment of the bonding electrons to the carbon atom
of the ring, as suggested by the model ¢. The exceeding electron pair at the BQ molecule are
promptly redistributed at the terminal O atoms, allowing the Cg4 ring to become fully aromatic as
shown by model d. From the latter, the metal coordination of the second TFA- ligand restores the
Am catalyst as already outlined for the last two steps of Figure 13. In summary, an indication of

the energy cost for the Pd(0)->Pd(II) redox process likely identifies with the 12-13mrg barrier,
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although an even earlier occurrence may be supported by the prompter change of the Cq ring

coordination mode.

HTFA HO
N o, TFA*  OH OH TN\
/-J ; ,--J\ 4 ,f)
N\ STy s " T TN TEA ~ ~ TEA —
/F’d ‘ ‘J \ Coul® - | " ‘ — | p
N PA/ - p'd——@ S Pd
N
W / ]1/ N/ | HZ I8 N/ | ;
O N o N y o’ N rra
HTFA
a b c d

Scheme 3. Qualitative description of the electron redistribution in going the Pd(0) complex 11m
(a) to the Pd(IT) adduct (N-N)Pd(II)TFA-H,BQ 15m (d).
The proposed oxidation of Pd(0) to Pd(IT) in the transformation from (N-N)Pd(n2-BQ) to

(N-N)Pd(TFA), is also consistent with the results of previous NMR studies.??

Conclusions

The structural, electronic and energetic response of the DFT study corroborates several of the
intermediates proposed for the catalytic cycle of Scheme 2.5 On the other hand, it has emerged
that the cycle shown in Scheme 4 provides a definitely more reliable overview of the process,
that implies an overall free energy balance of -22.7 kcal mol-!. This value results from all the
basic steps, already described in details, which jointly afford the restoration of the actual catalyst

(N-N)Pd(TFA),, Am. The latter was instead indicated as a pre-catalyst in Scheme 2.
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Scheme 4. Overall catalytic cycle for the bis-alkoxycarbonylation of mono-substituted olefins.
The computed free energy balance in kcal-mol! is reported for any single step together with the
Figure number presenting the corresponding detailed profile.

Numerous reactants are involved in the bis-alkoxycarbonylation process, such as olefin, carbon
monoxide, methanol and p-benzoquinone. In particular, it emerges that the choice of the R
substituent of the CH,=CHR olefin plays a critical role. Indeed, from the available experimental
data, a different R group considerably affects the productivity of the carbonylation process. With
relation to this, no evidence of major electronic effects emerges by assuming that the olefin can
attain a dihapto coordination mode to the metal. However, a 2e- donor of different power in the
R substituent may affect the efficiency of the catalyst up to its complete poisoning. As an
example, acrylonitrile may form a rather stable derivative with its CN group ¢ coordinated to the
metal. This prevents the expected evolution of the process, which may start from the =©
coordinated C=C linkage in agreement with the experimental inhibition of the reactivity.>® In
other cases, the R group with a weaker 2e- donor determines a small energy difference between
the ¢ or m bound isomers. This helps balancing the equilibrium in solution, affording a sufficient
lifetime of the dihapto complex for continuing the catalytic formation of P (e.g., the acrylamide

derivative>°).
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At variance with previous proposals,>’ the present in silico analysis shows that the formation of
the diester P in no case accompanies to the generally accepted genesis of a Pd(II)-hydride
complex. Not only the latter was safely excluded in view of its high energy costs but also because
the persistent Pd(II) species would rule out the fundamental reductive elimination step. Only the
latter affords the formation of the methoxo/acyl covalent bond in the succinate product.
Conversely, the reduced (N-N)Pd(0) intermediate may continue the cycle by forming the d!°
trigonal planar complex (N-N)Pd(n?-BQ), 11m, which directly involves the benzoquinone
reactant. In fact, BQ may exert its oxidative action aimed to restore the original Pd(II) catalyst,
Am. The paper has illustrated the 2e transfer from the reduced metal to BQ via a n?=>n!
rearrangement of one endocyclic C=C linkage. In this manner, the original d, metal back-
donation transforms into a ¢ type one with the two bonding electrons being transitorily assigned
to the metal (Inverted Ligand Field concept®®). Then, the electron pair is promptly transferred to
BQ, which is sacrificially reduced and protonated to give the hydroquinone product. In fact,
similarly to what was previously found,'?'# the process is assisted by H-bonding networks, which
in this case involves the trifluoroacetic acid. The latter is generated in sifu upon the methanol’s
deprotonation by the trifluoroacetate ligands, originally forming the catalyst Am. Since HTFA
is definitely stronger than the acetic acid (previously found to accelerate a strictly related

process'?), it allows a greater efficiency of the catalysis.

The insights into the mechanism of the bis-alkoxycarbonylation process of a terminal olefin may
be usefully extended to other carbonylation reactions or CO/olefin copolymerization, which
similarly utilize alkene substrates together with the benzoquinone oxidant. As further
developments of this chemistry, we plan to deepen our understanding of the steric/electronic
factors, by focusing in particular on the role of the substituents at the a-diimine ligand as well as

on the effect of various alcohols either as solvent or added reagent.>®
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1

2

z COMPUTATIONAL DETAILS

5

? All of the models were optimized at the B3LYP-DFT level of theory!® by using the Gaussian 09
8

9 package.’” All the optimized structures were validated as minima and/or transition states by
10

1 vibrational frequencies. All the calculations were based on the CPCM model'® for mimicking
12

12 the experimentally used methanol solvent. The effective Stuttgart/Dresden basis set (SDD)?! was
15

16 adopted for palladium, while the basis set 6-31G with the polarization functions (d, p) was
17

18 employed for all the other atoms. Qualitative MO arguments have been developed with the help
19

;? of the EHMO analysis performed with the CACAO package,!” after ensuring that the wave
22

23 functions are sufficiently consistent with the DFT ones. The coordinates as well as the energetic
24

25 features of all the optimized structures are reported in the Supporting Information.
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optimized models in this study and the structures of some intermediates of the catalytic

cycle.
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Reductive Elimination
of Succinate at Pd

A detailed DFT study for a multi-step reaction, occurring at a square planar Pd(II) catalyst, describes the
involvement of various reactants to give the main succinate product via a reductive elimination at the
metal. The restoration of the active Pd(Il) catalyst is performed by the benzoquinone (BQ) oxidant over
a Pd(0) intermediate.
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Scheme 1. Pd-catalyzed bis-alkoxycarbonylation reaction of alkenes involving carbon monoxide, methanol
and p-benzoquinone.
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Scheme 2. Proposed catalytic mechanism for the bis-alkoxycarbonylation of olefins catalysed by aryl a-
diimine/Pd(II) complexes. EWG = Electron-Withdrawing Group.
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25 Figure 1. Optimized structures of the starting complex Am and the ion pair 2ma
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Figure 2. Cation 3m+ characterized by the CH30H ligand H-bonded to TFA ; the transition state 3 4mTS+
for the methoxo/CO coupling, which, thanks to the H transfer, implies a momentarily formed HTFA unit;
intermediate 4m with methoxycarbonyl and a TFA ligands.
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Figure 3. Free energy profile for the computed first part of the catalytic cycle corresponding to that in
Scheme 2 (A—C or Am — 4m).
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5m3* 5m4* 5m6*

Figure 4. Optimized structures of the three comparative n2-alkene complexes 5m3+ (styrene), 5m4+ (acryl
amide) and 5m6+ (acrylonitrile).
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24 Figure 5. Optimized structures of the transition state 5-6m4TS+ and the subsequent minimum ém4+.
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Figure 6. Estimated free energy profile for the reaction of 4m+ with acrylamide to give the palladacycle
6m4+.
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38 Figure 7. Optimized coordination isomer 5m6i+ with the acrylonitrile ligand bound via the terminal N atom.
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Figure 8. Optimized structures of 7m4+, the transition state for the alkyl-CO coupling 7 8m4TS+ and the
subsequent intermediate 8m4+.
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Figure 9. Optimized structure of 9m4 as the immediate precursor of the main product P.
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Figure 10. Optimized structures 9-10m4TS, 10m and Pm proper of the reductive elimination process, which
associates the formation of the succinate molecule with Pd(II)—Pd(0) reduction

105x39mm (300 x 300 DPI)

ACS Paragon Plus Environment

Page 46 of 52



Page 47 of 52

ONOYULT D WN =

]

Submitted to Organometallics

5-6md s

+ olefin
(acrylamide)

8ma4*
+TFA+CH,OH

Figure 11. Summarized reaction profile for the portion of the cycle, which converts the alkoxycarbonyl/TFA
complex 4m into the (N-N)Pd(0) species 10m together with di-ester product Pm.
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11m

Figure 12. Trigonal planar complex (N-N)Pd(n2-BQ), 11m; the vacant frontier antibonding MO formed by
one Pd dn orbital (populated) and a delocalized BQ pn combination.
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Figure 13. The Pd(0)—Pd(1II) oxidation path, which, by involving the sacrificial BQ molecule, leads to the
separated hydroquinone H2Q and the Am catalyst. All the schematized minima of the lower part of the
figure are reported as ball and stick models in Figures S10-S13.
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Scheme 3. Qualitative description of the electron redistribution in going the Pd(0) complex 11m (a) to the
Pd(II) adduct (N-N)Pd(II)TFA.H2BQ 15m (d).
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Scheme 4. Overall catalytic cycle for the bis-alkoxycarbonylation of mono-substituted olefins. The computed
free energy balance in kcal-mol-1 is reported for any single step together with the Figure number presenting
34 the corresponding detailed profile.
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