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Carbon—carbon bond formation at palladium centers is one of
the most important transformations in organometallic chemistry,
as it serves as the product forming step in Pd-catalyzed cross-
couplings, allylic substitutions, C—H functionalizations, and numer-
ous other processes.' There are two general pathways for Pd-
mediated C—C bond formation from Pd"(R), intermediates (R =
alkyl or aryl): direct C—C bond-forming reductive elimination or
oxidatively induced C—C coupling. While direct reductive elimina-
tion has been the subject of extensive investigations,” the corre-
sponding oxidatively induced transformations remain poorly
understood.

Oxidatively induced reductive elimination from Pd'(R), is known
to occur in the presence of le” chemical oxidants such as Ag"
salts,® which are common additives in Pd-catalyzed transformations.*>*¢
C—C coupling can also be promoted by potentially oxidizing
electron-deficient alkenes such as benzoquinone (BQ).” However,
it is not currently known whether these different promoters operate
by similar mechanisms, whether these reactions occur via coordina-
tion to Pd or outer-sphere electron transfer, or whether organic free
radical intermediates are involved. As part of a program aimed at
developing catalysts for the conversion of methane to ethane, we
initiated investigations of oxidatively induced CH;—CHj; coupling
from (‘Bu,bpy)Pd"(CHs), (1).” This report describes our mechanistic
studies of ferrocenium-promoted reductive elimination from 1, along
with a preliminary comparison to related reactions with silver(I)
salts and benzoquinone.

Our first experiments focused on the reaction of (‘Bu,bpy)-
Pd"(CHs3), (1) with 1.1 equiv of ferrocenium hexafluorophosphate
(CpsFe™PFs~, Fch) in acetone-dy at 25 °C. Fc' was selected for
initial study because it should unambiguously serve as a le™ outer
sphere oxidant in this system. By '"H NMR spectroscopy, the
reaction is complete within minutes and affords [(‘Bu,bpy)-
Pd(CH3)(acetone)]t (2) and ethane, in 101 £+ 7% and 49 + 3%

yields, respectively (Scheme 1).%°

Scheme 1. Reaction of Complex 1 with [CpaFe]PFg (Fct)
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There are at least three potential mechanisms for this C—C
coupling process, all of which start with 1e~ oxidation of 1 to the
Pd" cation 1™ (Scheme 2).'°~'> In mechanism A, 1™ undergoes
Pd—C bond homolysis to give 2 and CHze, which then dimerizes
to afford ethane. A similar mechanism has been proposed for
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oxidatively induced reductive elimination from (dmpe)Pd"(R), (R
= CH;, CH,SiMe;; dmpe = Me,PCH,CH,PMe,)** and from a
number of other metal dialkyl complexes.'*'* In mechanism B,
1" reacts with 1 and another equivalent of Fc™ to produce 1 equiv
of 2 and a Pd" trimethyl intermediate, 3. Complex 3 then undergoes
C—C bond-forming reductive elimination to afford ethane and a
second equivalent of 2. A similar net disproportionation has been
reported for the oxidation of (diimine)Pt"(CHj), complexes.'’
Finally, mechanism C involves direct C—C reductive elimination
from 1. Reaction of the resulting transient Pd' intermediate (4)
with Fc™ and 1 (a net conproportionation) would then afford 2.'°
Notably, C—C bond formation from related Ni"" intermediates has
been proposed as a key step in Ni-catalyzed aryl halide coupling
reactions.'’

Scheme 2. Possible Mechanisms for Reaction of 1 with Fc*
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A crossover experiment was conducted by adding 1 equiv of
Fct to a 1:1 mixture of 1 and (‘Bu,bpy)Pd(CD;), (1-dg) in the
dark.'® This led to rapid formation of 2, 2-ds, and an essentially
statistical 1:1.9 mixture of CH;CH3/CH3;CDs, as determined by 'H
NMR spectroscopy (Scheme 3). This result is required by mech-
anisms A and B but is also consistent with mechanism C if 1"
undergoes rapid scrambling of its methyl groups prior to reductive
elimination.

Scheme 3. Crossover Experiment between 1 and 1-dg
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| Potentially consistent with mechanisms A, B, or C |

To gain insights into the possibility of methyl radical intermedi-
ates (mechanism A), we next examined the reaction of 1 with Fc*
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in the presence of 0.1 M of the He donor 1,4-cyclohexadiene (CHD).
In this reaction, the yield of ethane was essentially unchanged (43
4 3%) and only trace (<1%) methane was formed. Given the rate
constant for CHD trapping CHze to form CHy, k= 1.3 x 10° M™!
s71,!° this result is not consistent with the formation of ethane from
methyl radical dimerization (see Supporting Information for the
complete kinetic analysis). Similarly, reactions in the presence of
1 equiv of styrene, another good trap for CHje, gave high yields of
ethane (55 4 4%). The absence of observable CH, from the reaction
in Scheme 1 is also inconsistent with a mechanism involving methyl
radicals, since CHj3e in acetone-dgs has been shown to react to afford
both methane and ethane.?® These results are in interesting contrast
to the homolysis pathway indicated for the related complex
(dmpe)Pd"(R),.*

Scheme 4. Trapping of the [(Buxbpy)PdVMes]* Intermediate with
Nal
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The experiments described above suggested that either mecha-
nism B or C is operating. In an effort to distinguish between these
two possibilities, we next examined the reaction of 1 with 1.1 equiv
of Fc' in the presence of 10 equiv of Nal>' The first 'H NMR
spectrum after mixing at 25 °C revealed the presence of 0.5 equiv
each of the known?? (‘Buybpy)Pd"(CH3);(I) (3-I) and (‘Bu,bpy)-
PAY(CH3)(I) (2-I) (Scheme 4). Over 24 h, the signals associated
with complex 3-I slowly decreased with concomitant appearance
of ethane and an additional 0.5 equiv of 2-I. A crossover experiment
under these conditions (1 + 1-dg + Fc* 4 Nal) yielded a statistical
mixture of isotopologues of 3-I as determined by 'H NMR
spectroscopy, indicating that CHj scrambling occurs prior to
reductive elimination.?®® All of these results are required by
mechanism B but are difficult to rationalize on the basis of
mechanism C.

Scheme 5. Direct Observation of the [(‘Busbpy)Pd"VMes]*
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To directly observe the key cationic intermediate 3 that is
expected in mechanism B, the reaction of 1 with 1.1 equiv of Fc™
was monitored at low temperature. After mixing at —80 °C in
acetone-dg, an initial 'H NMR spectrum showed the presence of
0.5 equiv of 2 along with 0.5 equiv of a new species assigned as

complex 3 (Scheme 5, (a)).?* These compounds are stable at —80
°C, but upon warming to —30 °C, 3 disappears over ~40 min
concomitant with the formation of ethane and an additional 0.5
equiv of 2 (Scheme 5, (b)). The identity of this new species as
complex 3 was confirmed by two additional experiments. First, Nal
was added to the reaction mixture at —80 °C, which resulted in
instantaneous conversion to 0.5 equiv each of 2-I and 3-I (Scheme
5, (¢)). Second, the reaction between 1 and [(CH;);0]BF; in
acetone-dg was conducted at —80 °C and afforded 3 as the sole
new inorganic product (as determined by 'H NMR spectroscopy)
(Scheme 5, (d)).??

In sum, all of the data for the reaction between 1 and Fc™ are
consistent with mechanism B, involving (i) one-electron oxidation
of (‘Buybpy)Pd"Me, (1), (ii) net disproportionation'” of the transient
Pd™ intermediate 1* to 2 and 3, and then (iii) C—C coupling from
3 to yield ethane in 50% yield.'? Several radical trapping experi-
ments provide strong evidence against the involvement of CHze in
these transformations (mechanism A). In addition, the direct
observation of Pd" intermediates at low temperatures is inconsistent
with direct C—C bond-forming reductive elimination from either
monomeric or dimeric Pd" intermediates (mechanism C).>*2¢

We next examined the reactivity of 1 with Ag™ and benzoquinone
(BQ), which are more common additives in organic transformations.*
Interestingly, 'H NMR spectroscopic analysis of the reaction
between 1 and 1.1 equiv of AgPFs at 25 °C showed rapid and
quantitative formation of an intermediate (5), which exhibits the
same pattern of resonances as that for 1 but different chemical shifts.
At longer reaction times (0.5—3 h), a silver mirror was observed
along with ethane (51 £ 3%) and 2 (88 £ 6%) (Scheme 6).

Scheme 6. Reaction of Complex 1 with AgPFs
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While intermediate S proved challenging to characterize due to
its thermal instability, a stable analogue (5-T1) with a very similar
"H NMR spectrum was formed upon reaction of 1 with 1 equiv of
TIPF, under identical conditions. An X-ray structure of crystals
obtained from this solution revealed a sandwich complex containing
three molecules of 1 and two TI* cations (Figure 1). Similar cationic
adducts of Pt have been reported previously.'**?” The enhanced
stability of 5-TI is likely due to TI* being a weaker oxidant than
Ag".*® The reaction of AgPF with a 1:1 mixture of 1 and 1-dg
afforded a statistical 1:2 mixture of CH;CH3/CH;CD; (similar to

+
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Figure 1. ORTEP of the cation, Tl,[('Bu,bpy)Pd"Me,]5>*, in the structure
of 5-TI (hydrogen atoms, PFs~ counterions, and solvent molecules excluded
for clarity). Bond lengths (A) and angles (deg): TII—Pdl, 2.7963(6);
T11—Pd2,2.9320(6); TI2—Pd2,2.9942(6); TI2—Pd3, 2.8299(7), Pd1—T11—Pd2,
132.93; T11—Pd2—TI2, 170.92; Pd2—TI2—Pd3, 131.39.
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the analogous crossover experiment with Fc*, Scheme 3).2° On
the basis of all of this data, we propose that Ag" reacts with 1 via
an inner sphere mechanism where Ag™ initially binds to 1 followed
by inner sphere electron transfer, generating Ag® and 1*. The Pd™
complex 17 then likely undergoes net disproportionation via a
pathway analogous to the Fc™ reactions (mechanism B).'>®

In marked contrast, the reaction of 1 with 1.1 equiv of
benzoquinone (BQ) proceeds much more slowly than the Fc* and
Ag* reactions under analogous conditions (#,, &~ 4.5 h) and releases
nearly a full equivalent of ethane (89 £ 6%; Scheme 7). In this
case, the palladium product is the benzoquinone adduct
(‘Buybpy)Pd’(BQ) (6, 94 £ 6%).°*>' A crossover experiment
reacting BQ with a 1:1 mixture of 1 and 1-d; in the dark afforded
CH;CH; selectively at initial reaction times (as determined by 'H
NMR spectroscopy). CH3CD; only appeared later as the starting
material scrambled. These preliminary experiments show that BQ-
promoted reductive elimination from 1 occurs by a mechanism
distinct from that for Fc™ and Ag®, and further studies of this
process are ongoing.>?

Scheme 7. Reaction of Complex 1 with Benzoquinone

0o

(N’Pdh""CHg ﬁj—" Pd°—| || + CoHe

0]

In conclusion, a variety of oxidants induce reductive elimination
of ethane from (‘Bu,bpy)Pd(CH3), (1). With the outer-sphere
oxidant ferrocenium, the data are consistent with a mechanism
involving Pd"™ and Pd" intermediates, with C—C bond formation
occurring from the latter. The reaction with Ag™ appears to proceed
via a Ag" adduct (5), which undergoes inner sphere electron transfer
before following the analogous mechanism for Fc*. In contrast,
the slower reaction between 1 and benzoquinone forms ethane by
a different pathway that does not involve methyl group scrambling
and that generates Pd’ products. These studies suggest that
oxidatively induced C—C bond-forming reductive elimination may
be relevant to Pd-catalyzed reactions containing Ag" additives.*
Furthermore, this work provides a new mechanistic understanding
of le~ chemistry at Pd" centers that should assist the development
of novel catalytic transformations, including our ongoing efforts
toward the oxidative dimerization of methane.
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