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Dual catalysis has become a desirable alternative because of the
synergetic effect of two distinct catalysts, but little is known about
the mechanism of dual catalysis and its effect on the high reactivity
and selectivity. Here, a novel Ullmann C-C cross-coupling of
bromobenzene and 4-methoxyphenyltriflate via nickel/palladium
dual catalysis has been investigated using density functional theory.
The orthogonal reactivity of Ni'/Pd® combination is the precondition
and foundation of achieving such a Ullmann cross-coupling reaction.
In the present dual catalysis, the Ni' complex acts as the primary
catalyst, while the Pd® catalyst plays a decisive role in the cross-
selectivity.

Transition metal catalyzed C-C cross-couplings have revolutionized
chemical synthesis to generate versatile organic building blocks
for diverse natural products and fine chemicals."” In addition
to the cross-couplings between nucleophiles and electrophiles
such as Heck, Negishi, Suzuki couplings and so on,> Ullmann
coupling without organometallic reagents has set the stage
for reductive cross-electrophile couplings since Ullmann and
Goldberg first reported it more than a century ago.* Ullmann
coupling via dual catalysis has the characteristics of operational
simplicity, sustainability and low cost, but low selectivity and
yields of the desired product limit the further development of
this potentially powerful strategy to a great extent because of the
competition for oxidative addition of both electrophiles to the
catalyst.” Recently, Weix and co-workers successfully developed
an unprecedented highly selective Ullmann C-C cross-coupling
of bromobenzene (Ph-Br) and 4-methoxyphenyltriflate (Ar-OTf)
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utilizing Ni/Pd dual catalysis.® As shown in Scheme 1, in the
presence of Zn dust, Ni/Pd dual catalysts provided high cross-
selectivity and yields of C-C cross-coupling products. By contrast,
the homo-coupling product biphenyl was predominantly afforded
when the Ni catalyst was allowed to react independently with the
two substrates. Obviously, the orthogonal reactivity between Ni/Pd
dual catalysts to the two aryl electrophiles is a key requirement for
constructing selectively the C-C bond via cross-coupling. Thus, it is
crucial to correctly reveal the corresponding Ni/Pd active catalysts
and the origin of orthogonal reactivity to substrates between dual
catalysts. Furthermore, a clear understanding of how Ni/Pd dual
catalysis improves the cross-selectivity will inspire the chemists to
develop versatile reductive cross-electrophile coupling reactions.
However, the specific mechanism of Ni/Pd dual catalysis still
remains ambiguous regarding many mechanistic subtleties and
multiple oxidation states of Ni and Pd dual catalysts in the reaction
process. Theoretical calculations have become essential to provide
meaningful information of structures and properties of molecules
as well as mechanisms and selectivities of reactions.”

Here, we theoretically investigated all the reaction processes
involved in Scheme 1, where Ph-Br and Ar-OTf were employed
as substrates, while 2,2-bipyridine (bpy) and 1,3-bis(diphenyl-
phosphino)propane (dppp) were employed as ligands, as in the
experiments.® Geometry optimizations, intrinsic reaction coordinate
calculations, and vibrational frequency calculations were performed
at the CPCM®(DMF)/(U)M06°/[6-31G(d)/SDD(Ni,Pd)] level to
determine the potential energy surfaces. The spin-unrestricted
(broken-symmetry) approach was used in the optimizations
involving diradical structures. The translational entropy correction
was included to treat the standard state.'® Electronic energies were
evaluated at the CPCM (DMF)/(U)MO06/[6-311++G(d,p)/SDD(Ni,Pd)]
level. These calculations were carried out with the Gaussian 09
program'” (see the ESIf for methods).

To realize the present Ullmann C-C cross-coupling, Ni/Pd
dual catalysts must provide the orthogonal reactivity to Ph-Br
and Ar-OTf (Scheme 1). Note that Zn dust as a reducing agent might
enrich the oxidation states of Ni and Pd involving Ni(1), Ni(0), and
Pd(0). Therefore, we have fully evaluated the chemoselectivity of the
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Scheme 1 The Ullmann reaction of Ph-Br with Ar-OTf catalyzed by Ni"(bpy)Br,/Pd"(dppp)Cl, and Ni"(bpy)Br,, respectively.®

oxidative additions of Ph-Br and Ar-OTf to Ni and Pd with different
oxidation states. Contrary to the experimental expectation, it is the
orthogonal reactivity between Ni'(bpy)Br and Pd’(dppp) rather than
that between Ni’(bpy) and Pd’(dppp) that can satisfy the need for
such Ullmann cross-coupling reactions. Fig. 1 shows the Gibbs free
energy changes (AG°) of coordinations and Gibbs activation energies
(AG*) of oxidative additions of Ph-Br and Ar-OTf to Ni’(bpy),
Ni'(bpy)Br and Pd°(dppp), respectively. It can be seen that the
coordinations of Ph-Br and Ar-OTf to Ni’(bpy) afford two
corresponding pre-complexes with the AG®° values of —25.0
and —27.1 kecal mol ™", respectively. However, the AG** values
of C-Br and C-OTf bond activations by Ni’(bpy) are 7.0 and
2.3 keal mol ™", respectively. These calculation results indicate
that such a barrier-free coordination process is irreversible
(Fig. S1 and S2, ESIY), so the thermodynamic stability of the
pre-complex determines the substrate selectivity of Ni’(bpy).
Specifically, Ni%(bpy) prefers to activate the C-OTf bond rather
than the C-Br bond. By contrast, in the case of Ni'(bpy)Br, the
coordinations of Ph-Br and Ar-OTf are exothermic by only
6.0 and 13.2 kcal mol ™', respectively. However, the oxidative
additions of C-Br and C-OTf bonds to Ni'(bpy)Br need AG®*
values of 20.3 and 26.6 kcal mol™ ', respectively. Thus, the
substrate selectivity of Ni'(bpy)Br depends on the activation
barrier of oxidative addition. Compared to the C-OTf bond,
Ni'(bpy)Br prefers to activate the C-Br bond to afford a reactive
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coordination
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nickel(m) phenyl bromide intermediate 13 (Fig. S4, ESIt).
In addition, Pd°(dppp) shows a chemoselectivity similar to
Ni’(bpy). Pd’(dppp) prefers to activate the C-OTf bond rather
than the C-Br bond,'? because the coordination of Ar-OTf to
Pd°(dppp) can afford a more stable pre-complex with a AG°
value of —19.3 kcal mol . Subsequently, a direct oxidative addition
of the C-OTf bond to the palladium(0) center affords a relatively
stable palladium(u) aryl triflate intermediate 159 with a AG™*
value of 12.0 kcal mol " (Fig. S5, ESIt).

In view of the necessity of Pd°(dppp) and Ni'(bpy)Br combination,
the related calculations were carried out using the Dmol® code
to evaluate the two successive single electron reduction process
of Pd"™(dppp)Cl, and Ni"(bpy)Br, on the Zn (101) surface,
respectively (see the ESIf for methods). As shown in Fig. 2a,
Pd"(dppp)Cl, is more likely to be reduced to Pd°(dppp), which is
more stable than Pd'(dppp)Cl by 60.8 kcal mol . This result is
consistent with a generally accepted cognition that a palladium
complex shows double-electron performance."”” As shown in
Fig. 2b, however, the reduction of Ni"(bpy)Br, to Ni'(bpy)Br is
exergonic by —38.5 keal mol ™", whereas to Ni’(bpy) is endergonic
by 11.3 keal mol . Thus, Pd’(dppp)/Ni'(bpy)Br combination can
be afforded favorably by the reducing agent (Zn).

After the selective oxidative additions, the subsequent aryl
migration would proceed between the stable 1% and active 1},
which is quite consistent with the persistent radical effect
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Fig. 1 Gibbs free energy changes (AG°) of the coordinations and Gibbs activation energies (AG°*) of the oxidative additions of Ph-Br and Ar-OTf to

Ni°(bpy), Ni'(bpy)Br and Pd®(dppp), respectively.
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Fig. 2 Energy change (AE, kcal mol™) of the single electron reduction process of Pd"(dppp)Cl, and Ni"(bpy)Br, catalyzed by Zn dust. The bond

distances are given in Angstroms.

accounted for the observed cross-selectivity experimentally.®**

Is the aryl group to be migrated to the Ni or Pd center? We have
systematically investigated two reaction courses: a heterobimetallic
transmetalation mechanism (Fig. 3) and a single electron radical
transfer mechanism (Fig. S6, ESIt). As a result, the former is more
favorable than the latter. In other words, the aryl group is more
easily migrated to the Ni center to complete such Ullmann
cross-coupling reactions. Specifically, in the heterobimetallic
transmetalation mechanism, the aryl ring of 1% migrates to
the Ni'! center of 1}'. A stable heterobimetallic dimer 2 is
initially produced and is exergonic by 8.7 kcal mol ™, in which
Ni"™" and Pd" are bridged by a bromide ion. Subsequently, a
direct transmetalation occurs via a four-membered Ni-C-Pd-Br
ring transition state TS2™ to afford intermediate 3™ with a AG™*
value of 19.5 kcal mol~*. The dimeric 3™ is dissociated into the
palladium(n) bromide triflate PA"(dppp)(Br)(OTf) and diaryl
nickel(m) intermediate 4™ with a AG° value of —10.6 kcal mol ™.
Notice that Pd"(dppp)(Br)(OTf) can be reduced to Pd°(dppp) by
Zn dust based on the above calculations. The following C-C
coupling from 4™ is nearly barrier-free, because the nickel(ur)
species readily facilitates the reductive elimination.'> The
desired cross-coupling product (Ph-Ar) and the Ni'(bpy)Br
catalyst were generated to complete the catalytic cycle with a
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Fig. 3 The most favorable energy profiles (AGS;,s) of the heterobime-
tallic transmetalation mechanism of Ni/Pd dual catalysis.
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AG" value of —35.8 kcal mol ™ relative to 4™, Alternatively, the
phenyl migration from 1} onto the Pd center of 15 provides a
Ni"/pd" — Ni'"/pd™ transformation because of the radical
phenyl migration, which is named a single electron radical
transfer mechanism (Fig. S6, ESIT). This step needs a larger
AG°* value of 24.1 kcal mol™*. In addition, another possibility
that the phenyl migration from Ni'" to Pd" without alternation
of the oxidation states has also been excluded (Fig. S7, ESIf).
Accordingly, the most favorable full catalytic cycle of the present
reaction consists of four key elementary steps: the oxidative
addition of Ar-OTf to Pd’(dppp) to afford the relatively stable
159, the oxidative addition of Ph-Br to Ni'(bpy)Br to generate the
reactive 13, the heterobimetallic Ni'/Pd" transmetalation to
form Pd"(dppp)(Br)(OTf) and 4™, and the reductive elimination
to afford Ph-Ar, as shown in Scheme 2. The rate-determining
step is the oxidative addition of Ph-Br to Ni'(bpy)Br with a AG°*
value of 20.3 kcal mol™*, which can be overcome under the
experimental conditions (40 °C).° In this regard, it is in good
accordance with the experimental observation that the increase
of Ni"(bpy)Br, concentration rather than Pd"(dppp)Cl, can
accelerate the cross-coupling reaction.® According to the
above discussion, Ni plays a leading role in the present dual
catalysis because of its participation in the entire reaction
process.
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Scheme 2 The most favorable full catalytic cycle of the Ullmann C-C
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Fig. 4 Energy profiles (AG3,; 5) of the homobimetallic disproportionation
mechanism of Ni catalysis.

In order to uncover the origin of cross-selectivity caused by
Ni'(bpy)Br/Pd°(dppp) dual catalysis, we also studied the homo-
coupling of Ph-Br catalyzed by Ni'(bpy)Br independently
(Fig. 4). As discussed above, the selective oxidative addition of
the C-Br bond to Ni'(bpy)Br occurs firstly to generate the
transient 1) (AG°* = 20.3 kcal mol ™). Next, the radical phenyl
migration between two nickel(n) intermediates 1) occurs
through the phenyl scrambling transition state TS2}' to afford
a mixed valence (Ni"/Ni") complex 3).*¢ The AG°* and AG®
values for this Ni'""/Ni"™" — Ni"/Ni" disproportionation are 24.1
and 8.8 kcal mol™", respectively. Then, Ph-Ph reductive elim-
ination occurs through the transition state TS3}' to form
Ni"(bpy)Br,, which can be reduced to Ni'(bpy)Br by Zn dust
to restart the catalytic cycle. This reductive elimination needs a
small AG** value (12.0 kcal mol " relative to 1)). In addition, an
alternative reductive elimination where Ni"(bpy)Br, is dissociated
firstly from 3} needs a slightly larger AG** value of 13.0 kcal mol !
(Fig. S8, ESIT). To sum up, the homo-coupling occurs via oxidative
addition of the C-Br bond to Ni'(bpy)Br, homobimetallic Ni"™/Ni™
disproportionation and C-C bond-forming reductive elimination
to afford the homo-coupling product biphenyl (Ph-Ph) with the
AG** value of 24.1 keal mol . Hence, the homo-coupling of Ph-Br
catalyzed by Ni'(bpy)Br is less favorable than the cross-coupling of
Ph-Br and Ar-OTf via Ni'(bpy)Br/Pd’(dppp) dual catalysis (AG™* =
20.3 kcal mol "), which shows the best consistency with the
experimental observation (Scheme 1). Furthermore, the presence
of Pd’(dppp) is suggested to be responsible for the cross-selectivity
of such Ullmann C-C cross-coupling, because the heterobimetallic
Ni"/Pd" transmetalation is easier to occur than the homo-
bimetallic Ni"'/Ni"™ disproportionation.

In conclusion, the mechanistic details of the Ullmann C-C
cross-coupling of bromobenzene and 4-methoxyphenyltriflate
via Ni/Pd dual catalysis have been theoretically disclosed here.
The orthogonal reactivity of Ni'/Pd° combination is the precondition
and foundation of achieving such a reaction. The substrate
selectivity of palladium(0) depends on the thermodynamic
stability of the pre-complex, while the substrate selectivity of
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nickel() is determined by the activation barrier of oxidative
addition. In the present dual catalysis, the Ni' complex acts as
the primary catalyst, while the Pd° catalyst plays a decisive role
in the cross-selectivity.
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