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ABSTRACT: Electrospray ionization mass spectrometry,
subsequent MS/MS, and high-resolution mass spectrometry
were used to study the dehydrogenative Heck reaction of 2-
alkylfurans 1 with acrylates 2, using [Pd(OAc),]; as the
precatalyst, benzoquinone (BQ) as the stoichiometric oxidant,
and a mixture of DMSO and AcOH as the solvent.
Complexation of [Pd(OAc),]; by DMSO afforded mono-
nuclear and dinuclear Pd(II) species, which proved to be active
catalysts for the C—H activation of 1. Mononuclear and
dinuclear Pd(II) species seem also to be involved in the
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insertion of 2 into the furyl-Pd bond. The C—H activation of 2 and DMSO by mononuclear complexes was observed. The
reaction leads to $,5-dialkyl-2,2-bifuran 4 as a byproduct. Bifuryl-palladium, which is an intermediate in the formation of 4,
showing the coordination of BQ, was obtained and characterized.

B INTRODUCTION

The Pd-catalyzed direct cross-couplings of arenes with alkenes
through C—H activation, also called intermolecular dehydro-
genative Heck reactions (DHRs), have drawn much attention.'
These transformations are of interest in terms of atom
economy, since the result of the DHRs is the formation of a
C—C bond from two C—H bonds. Previous research has
focused on the use of electron-rich alkenes,” new promoters,3
the development of cascade,” enantioselective,” diastereoselec-
tive,® and regioselective reactions.” The mechanism of such
transformations has been studied by standard a?proaches such
as kinetics and the use of labeled compounds.” This research
involves the C—H activation of the arene to provide an
ArPd(II)X species, followed by the insertion of the alkene into
the Ar—Pd bond (Scheme 1). A f-H elimination leads to the
product and HPdX. Usually, the latter evolves to Pd(0) which
is then reoxidized.

Electrospray ionization mass spectrometry (ESI-MS) is well
adapted for the observation of protonated, deprotonated, or
cationized forms of short-lived molecules produced by
catalyzed reactions. The technique, thus, provides continuous
snapshots of the composition of the reaction solution and
hence insights into its mechanism.® For example, the online
monitoring of the Heck” and Baylis-Hillman”" reactions has
allowed the characterization of several catalytic intermediates.
Dynamic and time-dependent processes were also observed
using such a technique. Since these original studies, others, on a
variety of catalytic transformations, have been reported."’

Our initial findings on the DHR of furans have shown that
the solvent can have a decisive influence on the course of the
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Scheme 1. Typical Mechanism for Dehydrogenative Heck
Reactions

reduced oxidant

pax, A
oxidant + 2 HX -/ NHX
Pd°

ArPdX
X =Cl, OCOR, ... P
HX 7R
PdX
HPdX
‘7} R
Ar\/\R

reaction. Low-coordinating solvents led to Heck-type prod-
ucts,"' whereas coordinating solvents gave difurylalkanes
(Scheme 2)."* We have recently observed that DMSO, which
is a coordinating solvent,'® allowed the formation of Heck-type
products through the coupling of furans and thiophenes with
alkenes, under mild conditions.'* This surprising result
prompted us to study the mechanism of these reactions using

ESI-MS.
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Scheme 2. Solvent Effect in the DHR of Furans
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Scheme 3. Reaction Studied by ESI-MS
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B RESULTS AND DISCUSSION Supporting Information). [Pd(OAc)(DMSO)]* and [Pd-

Since ionization efficiency under ESI-MS conditions depends
on the polarity of the molecule, we have selected acrylates as
alkenes for the DHR of furans. The reaction of 2-methylfuran
(1a) and tert-butyl acrylate (2a) in the presence of Pd(OAc),
(5%) and benzoquinone (BQ), in a mixture of AcOH and
DMSO at room temperature for 4 h, led to the Heck-type
product 3aa and $,5"-dimethyl-2,2"-bifuran (4aa) with yields of
91% and 7%, respectively (Scheme 3).

Using ESI(+)-MS, we have first monitored a mixture of
Pd(OAc), and BQ in AcOH/DMSO (1:1), and after S min of
stirring, five clusters were detected (Figure 1, Figure S1 of the
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Figure 1. ESI(+)-MS of an AcOH/DMSO solution of Pd(OAc), and
BQ after § min. Conditions: Pd(OAc), (0.05 mmol), BQ (2.0 mmol),
AcOH (2.0 mL), and DMSO (2.0 mL). t; = S min.

(OAc)(DMSO),]*, observed at m/z 242.9 and 320.9,
respectively, originated from the solvated species, Pd(OAc),-
(DMSO),. The dinuclear analogue Pd,(OAc),(DMSO), was
observed as [Pd,(OAc);(DMSO)]* and [Pd,(OAc);-
(DMSO),]" at m/z 466.9 and 544.9, respectively.

Palladium acetate exists as a trimer in the solid state,"® and
this structure is maintained in AcOH.'® As shown from the
ESI(+)-MS study, the use of DMSO as cosolvent led to the
formation of mononuclear and dinuclear species 5 and 6,
respectively (Scheme 4).

Davies and Macgregor, in a recent review on computational
studies of metal-induced C—H bond activations, assumed that
the Pd(OAc),-mediated activation of benzene was assisted by
the acetate ligand (Scheme $)."”

Scheme 5. C—H Activation of Benzene by Pd(OAc),
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The Pd(OAc), units are joined by double OAc bridges in
[Pd(OAc),]s, and no acetate ligand can participate in a C—H
bond activation as depicted in Scheme S. In contrast, an acetate
ligand is available in § and 6 for such a role. This can explain
why an induction period was observed for the DHR of furans in
Et,0/RCO,H (R = Me, Et) where the structure of the trimer is
rather stable.'" It has been observed that the induction period
depends on the nature of the furan, the complexation of

—> PhPdOAc + AcOH

Scheme 4. Formation of S and 6
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[Pd(OAc),]; by electron-rich furans probably leading to
dimeric or monomeric Pd-active species.11 In contrast, no
induction period was observed in the solvent mixture of
DMSO/AcOH"* since DMSO acts as a ligand, thus leading to
active species 5 and 6, which can both participate in the
DHR.'® The observation of the cluster [Pd(DMSO-H)-
(DMSO)]" at m/z 260.9 (Figure 1, Figure S1 of the Supporting
Information) suggests that § can also activate a C(sp’)—H
bond of DMSO.

All structures shown in Figure 1 were confirmed by high-
resolution mass spectrometry (HRMS) analysis. In addition,
when CD;CO,D was used instead of AcOH, clusters were
shifted by 3 or 9 mass units depending on the number of
acetate ligands (Table 1, Figure S2 of the Supporting

Table 1. Comparison of Detected Species Using AcOH,
CD,CO,D, or DMSO-d;

m/z observed in

AcOH/ CD;CO,D/ AcOH/
proposed structures DMSO DMSO DMSO-dg
[Pd(OAc)(DMSO)]* 242.9 246.0 2489
[Pd(DMSO-H) 260.9 261.0 272.0
(DMSO)]*
[Pd(OAc)(DMSO),]* 320.9 324.0 333.0
[Pd,(OAc);(DMSO)]* 466.9 476.0 4749
[Pd,(OAc);(DMSO),]* 544.9 554.0 558.9

Information). A new cluster observed at m/z 488.1 was
attributed to the solvated species, [Pd(DMSO),(CD,CO,)]".
The presence of DMSO in the proposed structures was
confirmed using DMSO-ds (Table 1, Figure S3 of the
Supporting Information).

Using ESI(+)-MS, we then monitored a mixture of
Pd(OAc),, BQ, and la in AcOH/DMSO (1:1). After S min
of stirring, new clusters were detected and most of them could
be identified (Figure 2, Figure S4 of the Supporting
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Figure 2. ESI(+)-MS of an AcOH/DMSO solution of 1a, Pd(OAc),,
and BQ after S min. Conditions: 1a (2.0 mmol), Pd(OAc), (0.05
mmol), BQ (2.0 mmol), AcOH (2.0 mL), and DMSO (2.0 mL). t = S
min.

Information). [Pd(1a-H)(DMSO),]* of m/z 343.0 originated
from the C—H activation of la by 5, while [Pd,(la-
H)(OAc),(DMSO)]* of m/z 488.9 and [Pd,(la-H)-
(OAC),(DMSO),]* of m/z 566.9 resulted from the C—H
activation of 1a by 6. Such complexes, which are connected to
neutral species, Pd(1a-H)(OAc)(DMSO), and Pd,(1a-H)-
(OAc);(DMSO),, suggest that mononuclear and dinuclear
species are involved in the first step of the DHR. The cluster
observed at m/z 345.0 was attributed to [Pd(1a)(DMSO),H]*
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(Figure 2, Figure S4 of the Supporting Information) and
corresponds to the protonated form of the Pd(0) complex,
Pd(1a)(DMSO),. Pd(0) can come from the formation of 4aa,
but the close similarity between both structures, Pd(la-
H)(OAc)(DMSO), and Pd(1a)(DMSO),, also suggests that
the latter could be obtained by the reduction of the former via
electrochemical processes occurring in the electrospray
process.'” However, this phenomenon is probably not
significant because such a relationship was not observed for
other clusters. The ESI(+)-MS/MS data of [Pd(la-H)-
(DMSO),]* and [Pd(1a)(DMSO),H]" are quite similar
(Table 2, Figures SS and S6 of the Supporting Information).

Table 2. ESI(+)-MS/MS of Detected Species with a Solution
of Pd(OAc),, BQ, and 1a in AcOH/DMSO

proposed structures losses
[Pd(1a-H)(DMSO),]* DMSO, 1a
[Pd(1a)(DMSO),H]"* DMSO, 1a

[Pd,(1a-H)(OAc),(DMSO)]*
(Pd,(1a-H)(OAc),(DMSO0),*
[Pd(1a-H),(BQ)(DMSO)H]*

DMSO, AcOH, Pd
DMSO, AcOH, Pd
DMSO, BQ, Pd

The elimination of 1a in the MS/MS of [Pd(1a-H)(DMSO),]*
is quite surprising, but this observation is probably due to the
superposition of the signal with the one from the Pd(0)
analogue [Pd(1a)(DMSO),H]* in which la would be
coordinated as a m-ligand. The ESI(+)-MS/MS data of
dinuclear species, [Pd,(1a-H)(OAc),(DMSO)]* and [Pd,(1a-
H)(OAC),(DMSO),]*, were similar and showed the losses of
DMSO, AcOH, and Pd (Table 2, Figures S7 and S8 of the
Supporting Information). The loss of the organic acid was
confirmed when CD;CO,D was used as the solvent.”

The cluster detected at m/z 455.0 was attributed to [Pd(1a-
H),(BQ)(DMSO)H]* (Figure 2, Figure S4 of the Supporting
Information). Such a species corresponds to the protonated
form of Pd(1a-H),(BQ)(DMSO) which could be an
intermediate in the formation of 4aa. Indeed, it has been
proposed that BQ induces reductive elimination in various
palladium-catalyzed transformations.”" It must be noted that we
did not observe any traces of 4aa when the coupling of 1a with
2a was performed in CH;CN."” Nevertheless, the bifuryl
complex [Pd(1a-H),]" was observed by ESI(+)-MS, but no BQ
adduct was detected; the coordinating solvent CH;CN
probably prevents the complexation of BQ_and, hence, the
reductive elimination. [Pd(1a-H),(BQ)(DMSO)H]* dissoci-
ated to produce DMSO, BQ, and Pd (Table 2, Figure S9 of the
Supporting Information). The latter is a fragmentation that is
known to occur through reductive elimination of the R,Pd
species.”> The loss of BQ confirms its coordination to
palladium. Since we never observed such an interaction by
ESI-MS in other oxidative palladium reactions,'>** and in order
to confirm the presence of BQ, we have monitored a mixture of
Pd(OAc),, chlorobenzoquinone (CI-BQ), and 2-ethylfuran
(1b), in AcOH/DMSO (1:1) using ESI(+)-MS. After S min
of stirring, the expected cluster [Pd(1b-H),(Cl-BQ)(DMSO)-
H]* was observed at m/z 517.1; its structure was confirmed by
HRMS. The desolvated complex [Pd(1b-H),(CI-BQ)H]* was
also detected at m/z 439.1 (Figure 3, Figure S10 of the
Supporting Information).

All structures shown in Figure 2 were confirmed by HRMS
analysis. In addition, when 1b was used instead of 1a, [Pd(1-
H)(DMSO),]*, [Pd(1)(DMSO),H]", [Pd(1-H),(BQ)-

dx.doi.org/10.1021/j0300921s | J. Org. Chem. 2012, 77, 57515758



The Journal of Organic Chemistry

Cl

100 321.0 o:@:o
[Pd(OACKDMSO),I —— | 323.0 ; o
| [Pd(1b-H)(DMSO),}* /@Pd@ +H
[PA(DMSO-H)(DMSO)] PAtbNOMSORHT g 0 0 g
| 3200 373.1 471.3
261.0 )
563.0 ~—— [Pd(fb-H)DMSO)Me,SO,)] o
3721 o o
o 260.0 325.0 Nl e
[Pd?OAc)(DMSO)]' N \é/ Okt
\ 295.0 / o
243.0 4723 [Pdx(OAC),(DMSO),*
242.0 378.2 517.1
241.0 547.0
201.0 ‘ 65.4 585.2
Qb L ‘ miz
200 250 300 350 400 450 500 550 600

Figure 3. ESI(+)-MS of an AcOH/DMSO solution of 1b, Pd(OAc),,
and CI-BQ after 5 min. Conditions: 1b (2.0 mmol), Pd(OAc), (0.05
mmol), CI-BQ (2.0 mmol), AcOH (2.0 mL), and DMSO (2.0 mL). t;
= S min.

(DMSO)H]*, and [Pd,(1-H)(OAc),(DMSO)]* were shifted
by 14 or 28 mass units depending on the number of furyl
ligands (Table 3, Figure S11 of the Supporting Information). It

Table 3. Comparison of Detected Species Using 1a or 1b

m/z observed with

proposed structures la 1b
[Pd(1-H)(DMSO),]* 343.0 357.1
[Pd(1)(DMSO),H]* 345.0 359.1
[Pd(1-H),(BQ)(DMSO)H]* 455.0 483.2
[Pd,(1-H)(OAc),(DMSO)]* 488.9 503.1
[Pd,(1-H)(OAc),(DMSO),]* 566.9 -

was difficult to confirm the presence of [Pd,(1b-H)-
(OAc),(DMSO),]* due to the complexity of the spectrum in
the range of m/z 560—600. The desolvated complex [Pd(1b-
H),(BQ)H]" was observed at m/z 405.2, and two new species
at m/z 373.1 and 451.2 were identified as [Pd(1b-H)(DMSO)-
(Me,S0O,)]* and [Pd(1b-H)(DMSO),(Me,SO,)]*, respec-
tively, by HRMS. Finally, only two clusters at m/z 413.0 and
425.0 could not be identified in Figure 2.

A mixture of Pd(OAc),, BQ, and 1a in AcOH/DMSO (1:1)
was stirred for S min; 2a was added, and the ESI(+)-MS was
monitored after S min of additional stirring. Despite the low
intensity of the signal, a cluster was identified at m/z 371.0 as
[Pd(2a-H)(OAc)(DMSO)H]" (Figure 4, Figure S12 of the
Supporting Information). The ESI(+)-MS/MS of [Pd(2a-
H)(OAc)(DMSO)H]* showed the loss of DMSO, AcOH, and
C,H; (Table 4, Figure S13 of the Supporting Information).
The latter confirms the presence of a tert-butyl group. It must
be noted that the MS/MS did not show the loss of 2a,
suggesting that the alkene is bound to the palladium center
through a ¢ bond. Therefore, the corresponding neutral species,
Pd(2a-H)(OAc)(DMSO), would result from the C—H
activation of 2a with mononuclear Pd(II) complexes. Such
activation is generally not proposed or discussed in the
mechanism of DHRs.

Two clusters, relatively close to each other, at m/z 393.1 and
395.1, were attributed to [Pd(3aa+H)(DMSO)]* and [Pd(1a-
H)(3aa)]*, respectively (Figure 4, Figure S12 of the Supporting
Information). The latter was also observed as the solvated
species, [Pd(1a-H)(3aa)(DMSO)]*, at m/z 473.1. The signal
was contaminated with another complex at m/z 475, which
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Figure 4. ESI(+)-MS of an AcOH/DMSO solution of la, 2a,
Pd(OAc),, and BQ after 10 min. Conditions: 1a (2.0 mmol), 2a (1.0
mmol), Pd(OAc), (0.05 mmol), BQ (2.0 mmol), AcOH (2.0 mL),
and DMSO (2.0 mL). t; = 10 min.

Table 4. ESI(+)-MS/MS of Detected Species for the
Coupling of 1a with 2a

proposed structures losses
[Pd(2a-H)(OAc)(DMSO)H]* DMSO, AcOH, C,H,
[Pd(3aa+H)(DMSO)]* DMSO, C,H,

[Pd(1a-H)(3aa)(DMSO)]*

[Pd,(3aa+H)(OAc),(DMSO)]* or [Pd,(1a-H)
(2a-H) (OAc),(DMSO)H]*

DMSO, C Hy, 3aa

DMSO, AcOH, Pd, C,H,,
CH,CO,-+-Bu

according to the HRMS results, could be attributed to
[Pd(1a)(32a)(DMSO)H]*. However, the corresponding ESI-
(+)-MS/MS did not show the loss of 1a and 3aa as expected,
and the hypothesis could not be confirmed. [Pd(3aa+H)-
(DMSO)]* dissociated to produce DMSO and C,Hg (Table 4,
Figure S14 of the Supporting Information). The corresponding
neutral species, Pd(3aa+H)(OAc)(DMSO), resulted from the
insertion of 2a into the furyl-Pd(II) bond of Pd(la-
H)(OAc)(DMSO), as generally proposed for the second step
of the DHR. The ESI(+)-MS/MS of [Pd(1a-H)(3aa)-
(DMSO)]* has shown the loss of DMSO and C,Hs In
addition, the elimination of 3aa was observed, which confirms
the coordination of the product to the palladium center (Table
4, Figure S1S of the Supporting Information). The correspond-
ing neutral complex Pd(la-H)(3aa)(OAc)(DMSO) could
result from the coordination of 3aa to Pd(la-H)(OAc)-
(DMSO),. Indeed, the ESI(+)-MS monitoring of an AcOH/
DMSO solution of Pd(OAc),, BQ, 3aa, and 1a has shown that
3aa acts as a ligand of furyl-Pd(1I) complexes. After S min of
stirring, in addition to the clusters previously detected in the
absence of 3aa (Figures 1 and 2), two clusters were observed at
m/z 395.2 and 473.2 that were above attributed to [Pd(1a-
H)(3aa)]* and [Pd(1a-H)(3aa)(DMSO)]", respectively (Fig-
ure S, Figure S16 of the Supporting Information).

Finally, another cluster was detected at m/z 617.0 (Figure 4,
Figure S12 of the Supporting Information) and attributed to
[Pd,(3aa+H)(0Ac),(DMSO)]* or [Pd,(1a-H)(2a-H)-
(OAc),(DMSO)H]* (Scheme 6). The ESI(+)-MS/MS of
such species has shown the loss of DMSO, AcOH, Pd, and
C,H, (Table 4, Figure S17 of the Supporting Information). Out
of the two possible structures, [Pd,(3aa+H)(OAc),(DMSO)]*
or [Pd,(1a-H)(2a-H)(OAc),(DMSO)H]", the first seems the
most probable with the loss of a fert-butyl acetate (m/z 116)
(Table 4, Figure S17 of the Supporting Information).

dx.doi.org/10.1021/j0300921s | J. Org. Chem. 2012, 77, 57515758
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Figure 5. ESI(+)-MS of an AcOH/DMSO solution of la, 3aa,
Pd(OAc),, and BQ after S min. Conditions: 1a (2.0 mmol), 3aa (0.5
mmol), Pd(OAc), (0.05 mmol), BQ (2.0 mmol), AcOH (2.0 mL),
and DMSO (2.0 mL). t; = 5 min.

The corresponding neutral dinuclear species, Pd,(3aa+H)-
(OAC);(DMSO), could result from the insertion of 2a into the
furyl bond of Pd,(1a-H)(OAc);(DMSO). The other possible
dinuclear complex Pd,(1a-H)(2a-H)(OAc),(DMSO) could be
associated with the complexation of both mononuclear species,
Pd(1a-H)(OAc)(DMSO), and Pd(2a-H)(OAc)(DMSO), or
the C—H activation of 2a by Pd,(1a-H)(OAc);(DMSO). The
double C—H activation of arenes and alkenes by palladium(II),
which would be followed by a reductive elimination to obtain
the product, has been discussed in the early studies of the
DHRs.** It has even been proposed that the rate-determining
step could correspond to the formation of the o-bond between
palladium and olefin.**® However, the comparison of the
Pd(II)-catalyzed reactivity of PhH toward PhACH=CD, and
PhCH=CH, led to the suggestion that the cleavage of the
styrene fB-hydrogen bond is not involved in the rate-
determining step.” According to subsequent studies, it appears
that the formation of the ArPd(II) species from CH,=CHR/
ArH/ Pd(OAc), mixtures occurred at the rate-determining

' However, it should be noted that the detection by ESI-
MS(+) of [Pd(2a-H)(OAc)(DMSO)H]" suggests that the C—
H activation of 2a by Pd(II) is probable and can play a role in
the mechanism.

All structures shown in Figure 4 agreed with the HRMS
analysis. In addition, using ESI(+)-MS, the monitoring of the
coupling of 1b with 2a and 1a with ethyl acrylate (2b) showed
shifts of 14 or 28 amu as expected, except for [Pd(2b-
H)(OAc)(DMSO)H]" that has a mass close to that of [Pd(1a-
H)(DMSO),]** and [Pd,(3ab+H)(OAc),(DMSO)]*/
[Pd,(1a-H)(2b-H)(OAc),(DMSO)H]*, which could not be

confirmed due to the complexity of the spectra (Table S,
Figures S18 and S19 of the Supporting Information). The
cluster at m/z 481 in Figure S19 of the Supporting Information
could not be identified.

Table 5. Comparison of Detected Species for the Coupling
of 1a with 2a, 1b with 2a, and 1a with 2b

m/z observed for the
coupling of

la 1b la
with with with
proposed structures 2a 2a 2b
[Pd(2-H)(OAc)(DMSO)H]* 3710 3710 -
[Pd(3+H)(DMSO)]* 393.1 4072 365.1
[PA(1-H)(3)]" 3951 4232 3673
[Pd(1-H)(3)(DMSO)]* 473.1  S01.3 4452
[Pd2(3+H)(OAc)2(DMSO)]* or [Pd,(1-H)(2- 617.0 6314 -

H)(OAc),(DMSO)H]*

The monitoring of the coupling of 1a with 2a by ESI(+)-MS
was pursued over 24 h. After 2.5 h, the abundance of most
identified clusters has decreased (Figure 6, Figure S20 of the

Ot-Bu
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=
455.1 |\p‘d°/
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Figure 6. ESI(+)-MS of an AcOH/DMSO solution of la, 2a,
Pd(OAc),, and BQ after 2.5 h. Conditions: 1a (2.0 mmol), 2a (1.0
mmol), Pd(OAc), (0.05 mmol), BQ (2.0 mmol), AcOH (2.0 mL),
and DMSO (2.0 mL). t; = 2.5 h.

Supporting Information). The remaining species are connected
to the C—H activation of 1a or to the coordination of 3aa to
the palladium center. This is consistent with the fact that 1a is
used in excess, and that the reaction is almost complete after
2.5 h as observed by GC.

Scheme 6. Proposed Structures for the Cluster Detected at m/z 617.0¢
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After 24 h, the ESI(+)-MS is quite complex and most signals
have low intensity (Figure 7, Figure S21 of the Supporting

100 289.2
233.1 Ot-Bu
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Figure 7. ESI(+)-MS of an AcOH/DMSO solution of la, 2a,
Pd(OAc),, and BQ after 24 h. Conditions: 1a (2.0 mmol), 2a (1.0
mmol), Pd(OAc), (0.05 mmol), BQ (2.0 mmol), AcOH (2.0 mL),
and DMSO (2.0 mL). t, = 24 h.

Information). As previously observed after 2.5 h, the most
abundant clusters are connected to the C—H activation of 1a or
the coordination of 3aa to the palladium center.

Given the results obtained from the ESI-MS study, the
following mechanisms are proposed. The inactive trimer
[Pd(OAc),]s, A, reacts with DMSO leading to active dimer
or monomer derivatives, B (Scheme 7). Bl activates a C—H
bond of DMSO and 2, while B1 and B2 activate a C—H bond

of 1 leading to the furyl—Pd complexes, C. After a few catalytic
cycles, 3 is present and, consequently, can act as a ligand of C.
The insertion of 2 leads to D, which suffers f-hydride
elimination to give E. Reductive elimination affords the
Pd(0) complex, F, and reoxidation of Pd(0) by BQ/AcOH
finishes the catalytic cycle.

With regard to the formation of 4, complex C leads to G
through the C—H activation of 1 (Scheme 8). The resulting
electron-rich G coordinates BQ_ to give H, which evolves
through reductive elimination to 4 and Pd(0). The latter is
reoxidized by BQ/AcOH.

B CONCLUSION

Mechanistic proposals of DHRs usually involve mononuclear
catalytic intermediates. Using ESI-MS in the present study, we
show that dinuclear species can be involved. Mononuclear and
dinuclear furyl-Pd(II) intermediates obtained through C—H
activation and complexes resulting from the insertion of the
alkene into the furyl-Pd(II) bond have been intercepted and
characterized. Secondary reactions, such as the C—H activation
of DMSO or the alkene, have been identified. An intermediate
involved in the homocoupling of furans through C—H
activation has also been detected and characterized. Moreover,
it seems that the coordination of BQ_to Pd is observed for the
first time using ESI-MS.

B EXPERIMENTAL SECTION

General Information. Solvents and reagents were used as
received. Electrospray ionization-mass spectrometry experiments

Scheme 7. Proposed Catalytic Cycle and Species Detected by ESI(+)-MS for the DHR of 1a with 2a
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Scheme 8. Proposed Catalytic Cycle and Species Detected by ESI(+)-MS for the Synthesis of 4aa
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(MS and HRMS) were conducted on a hybrid tandem quadrupole-
time of flight (Q-TOF) instrument, equipped with a pneumatically
assisted electrospray (Z-spray) ion source. ALPHAGAZ AR2 gas was
used for CID. The electrospray potential was set to 3 kV in positive
ion mode, and the extraction cone voltage was usually varied between
30 and 60 V (flow of injection S yL/min). Spectra were typically an
average of 20—40 scans. Theoretical isotope patterns calculated with
the Isoform program were used to aid in the assignment. In order to
obtain a valid exact mass measurement, an external reference or “lock
mass” was used to correct for changes in environment or experimental
conditions over the course of the analysis. The LockSpray dual
electrospray ion source optimizes the co-introduction of the analyte
and lock mass compound directly into the ion source, providing an
authenticated exact mass measurement in MS modes to within S ppm
rms mass accuracy.

General Procedure for ESI-MS Experiments. BQ (216.0 mg,
2.0 mmol), Pd(OAc), (11.2 mg, 0.05 mmol), DMSO (2.0 mL), and
AcOH (2.0 mL) were added to a round-bottom flask. After the
contents of the flask had been stirred for $ min, 1 (2.0 mmol) and 2
(1.0 mmol) were added. The reaction mixture was directly injected
into the ESI-MS spectrometer at regular intervals of time.

B ASSOCIATED CONTENT

© Supporting Information
SHRMS data and Figures S1—S21. This material is available
free of charge via the Internet at http://pubs.acs.org.
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